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ABSTRACT

The Z average molecular weight of horse liver
alcohol dehydrogenase (LADH) in dilute neutral buffer
was found to be 78,200 by sedimentation equilibrium.

One molar guanidine hydrochloride (GuHCl) reversibly
inhibited LADH activity. The inhibition was competitive
with limiting nicotinamide adenine dinucleotide and mixed
with limiting ethanol. When EDTA was added to LADH in

1 M GuHCl1l, zinc was removed followed by aggregation.
Sedimentation velocity experiments indicated that no sub-
unit was formed under these conditions. Higher concen-
trations of GuHCl resulted in dissociation of LADH. In

3 M GuHCl1l, the sedimentation equilibrium data indicated
the presence of a reversible association-dissociation
system involving subunit, dimer, and trimer. EDTA removed
zinc but had no effect on the molecular weight of LADH

in 3 M GuHCl. Reduction and alkylation of LADH in 3 M
GuHCl resulted in almost complete dissociation into two
subunits. Apparently, sulfhydryl residues are involved
in subunit association, while zinc plays little or no
role. The Z average molecular weight of LADH in 5 M
GuHC1l containing mercaptoethanol was found to be 45,700,
a value higher than expected. The discrepancy may be
attributed to incomplete dissociation, a small error in

apparent partial specific volume, or solvent binding.
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Measurements of molecular weight, sedimentation coeffi-
cient, and intrinsic viscosity of LADH in 5 M GuHCl

indicate that the structure of LADH is composed of two

subunits.
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INTRODUCTION

Dehydrogenases are a class of enzymes which catalyze
many metabolic oxidation-reduction reactions. Horse liver
alcohol dehydrogenase (LADH), Enzyme Commission number
1.1.1.1, with the cofactor nicotinamide adenine dinucleo-
tide (NAD) catalyzes the conversion of primary and secondary
alcohols to aldehydes and ketones. Since the initial iso-
lation of LADH by Bonnichsen and Wassen in 1948 (Bonnich-
sen and Wassen, 1948), much kinetic data has accumulated
which substantiate the compulsory order mechanism proposed
by Theorell and Chance (Theorell and Chance, 1951) in which

the cofactor must add to the enzyme before the substrate.

LADH + NAD Q__—é LADH NAD
LADH NAD + alcohol f____i LADH NADH + aldehyde
LADH NADH g:> LADH + NADH

This mechanism and supporting experimental evidence is
thoroughly reviewed by Theorell (Theorell, 1967). Other
reviews of LADH have been published by Sund and Theorell
(Sund and Theorell, 1963) and by McKinley-McKee (McKinley-
McKee, 1964).

The molecular weight of LADH has been measured by
several laboratories and found to be about 80,000 (Ehren-
berg, 1957; Ehrenberg and Dalziel, 1958; Hamburg, 1966;

Drum et al., 1967; Castillino and Barker, 1968). There are
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26 sulfhydryl groups (Witter, 1960; Oppenheimer EE al., 1967)
and 4 zinc atoms per molecule (Akeson, 1964; Oppenheimer
et al., 1967). Each molecule has two cofactor binding
sites and presumably two active centers (Theorell and
Bonnichsen, 1951; Ehrenberg and Dalziel, 1958; Oppenheimer
et al., 1967).

Recent work has been devoted toward determining which
of the functional groups of the enzyme are involved in the
catalytic mechanism. The fact that all dehydrogenases
have a high sulfhydryl content suggests that sulfhydryl
groups are involved in the catalytic process. The sulfhy-
dryl reagents p-chloromercuribenzoate (PCMB) and iodoace-
tate have been used to substantiate this hipéthesis.

When PCMB is added to LADH, there is a linear loss of
enzymatic activity and cofactor binding (Witter, 1960).
The presence of cofactor retards the reaction of PCMB with
LADH. Iodoacetate appears to be more discriminating than
PCMB toward the sulfhydryl groups in LADH. Only two moles
of iodoacetate per mole of enzyme are needed to completely
inactivate the enzyme (Li and Vallee, 1964; Harris,1964).
Iodoacetate reactivity is also hindered by the presence of
cofactor. Although these experiments seem to directly
implicate sulfhydryl residues in the catalytic mechanism
of LADH, the modification of these residues may cause con-
formational changes of catalytically important regions

which are distant from sulfhydryl loci.



When LADH was reacted with radioactive iodoacetate,
followed by tryptic digestion and peptide mapping, only
one radioactive peptide was found (Li and Vallee, 1964;
Harris, 1964). When the radioactive peptide was isolated
and its sequence determined, it was found to be homoge-
neous. The total number of peptides was about half the
number expected. These data indicate that LADH is composed
of two identical subunits, each containing an unusually
reactive sulfhydryl group.

The role of the four zinc atoms in LADH is also of
considerable interest. The kinetic and structural func-
tions of zinc have been investigated by means of chelating
agents. Orthophenanthroline (OP) and Z,2-bipyridine have
two binding sites per molecule of LADH (Vallee and Coombs,
1959;-Y;netani, 1963; Sigman, 1967). They competitively
inhibit activity by interfering with cofactor binding
(Vallee et al., 1959). The spectrum of the chelate-enzyme
complex is characteristic of a chelate-zinc complex. When
zinc is removed at low pH, there is a linear loss of co-
factor binding (Oppenheimer et al., 1967). Apparently the
cofactor binds at or near zinc atoms. On the other hand,
when zinc is removed from LADH by lowering the pH in the
presence of chelating agent, activity decreases faster
than zinc is removed (Akeson, 1964; Drum et al., 1967).
Furthermore, two zinc atoms per molecule of LADH seem to

65

be more easily exchanged with Zn"® than the other two zinc



atoms (Drum et al., 1967; Akeson, 1964; Druyan and Vallee,
1964). When LADH is denatured with 8 M urea, dissociation
into two subunits occurs with zinc retention. Subsequent
addition of EDTA causes zinc removal and further dissocia-
tion to a molecular weight of 20,000 (Drum et al., 1967).
It is probable that the four zinc atoms are nonequivalent
in their catalytic effectiveness. The suggestion has been
made that the two zinc atoms which are more easily ex-
changed are involved in catalysis while the other two zinc
atoms are buried and have a structural role (Akeson, 1964;
Drum et al., 1967).

Recent phosphorescence studies indicate that OP is
not complexing directly with the zinc atoms in LADH
(Piette and Rabold, 1967). When zinc ion is added to an
OP solution, there is a doubling of the OP triplet life
time when the zinc to OP ratio is 1 : 1. However, when
OP is added to an LADH solution, the triplet life time
does not increase, indicating that all four zinc atoms are
buried in the enzyme. Thus the precise structural and
catalytic roles of zinc in LADH remain unclear.

Subunit content is an important factor in enzyme
structure. If subunits are identical, structural analysis
is considerably simplified. Often one active center is
associated with each subunit (Sund and Weber, 1966).
Sometimes subunits interact with each other forming an

allosteric system (Monod et al., 1963).



The number of subunits in LADH is in dispute. Some
laboratories have reported two subunits and others have
reported four. Dissociation of LADH in 7 M urea contain-
ing reducing agent produced subunits of 42,000 weight
average molecular weight, determined by high speed and low
speed sedimentation equilibrium (Hamburg, 1966). The
detergent, sodium dodecyl sulfate (SDS), was also used
successfully in dissociating LADH into two subunits (Ham-
burg, 1966; Blomquist et al., 1967). Osmotic pressure
measurements of LADH in 6 M guanidine-HC1 (GuHCl) with
reducing agent presented indicated dissociation into two
subunits with a number average molecular weight of 41,000
(Castillino and Barker, 1968). This result was confirmed
by high speed sedimentation equilibrium, resulting in a
weight average molecular weight of 40,000 (Castillino and
Barker, 1968). Light scattering measurements indicated
dissociation to four subunits in low pH, in 8 M urea, and
in 4 M GuHCl (Cheng et al., 1968). The ultracentrifuge data
of Vallee and coworkers indicated that the structure of
LADH contains four subunits (Drum et al., 1967).

Several derivatives of LADH have been successfully
crystallized for x-ray analysis. The results at 6 A
resolution indicate that LADH is composed of two identical
subunits (Branden, 1965).

The following work was undertaken to determine the
number of subunits in LADH and to help clarify the struc-

tural role of zinc in the enzyme. The approach used was



stepwise disruption of structure with GuHCl while measur-
ing molecular weight, sedimentation, diffusion, viscosity,
and zinc content at each step.

GuHC1 was chosen because of its strong denaturing
ability. The mechanism of denaturation of proteins by
GuHC1l is not completely understood. The guanidinium ion
consists of three equivalent amino groups arranged with a
planar trigonal symmetry around a central carbon atom.

The carbon atom has an empty p orbital where most of the
positive charge is located. Each nitrogen of the amino
groups has three planar, trigonally hybridized atomic
orbitals engaged in sigma bonds with hydrogen and carbon.
The lone pair of electrons are in a p orbital which is
involved in pi-pi conjugation with the carbon p orbital.
Six electrons are involved in this conjugated system (Dewar
and Paoloni, 1957). The distribution of pi like electrons
is shown below together with the charge distribution.

This charge distribution is thought to play an important

role in denaturation (Joly, 1965).

N 1.914 N + 0.086
| |
C 0.258 C + 0.742
/\
1.914 N N 1.914 + 0.086 N N + 0.086
Pi Electron Charge Distribution

Distribution



Tanfcrd and coworkers observed that proteins in con-
centrated GuHCl with a reducing agent present are com-
pletely dissociated and behave like random coils (Tanford
et al., 1967). Their data for sedimentation coefficient
and intrinsic velocity of several proteins fit the fol-
lowing equations, which were derived assuming a random

coil.

s® = (1 - ¥p) ANB
[n] = oNP
where S° = sedimentation coefficient at zero
concentration
v = apparent partial specific
volume
P = solvent density
N = number of residues per chain

[n]

intrinsic viscosity

A, B, C, and D are constants

In the following study, measurements of molecular
weight, sedimentation velocity, diffusion, viscosity, and
zinc content were made at 1 M, 3 M, and 5 M GuHCl1 concen-
trations. From these data the stepwise denaturing éffect

of GuHC1l on LADH could be observed. The Tanford equations



were applied to LADH in 5 M GuHCl. The minimum size of
subunits in LADH was then determined and conclusions were

drawn regarding the structural role of zinc and of sulf-

hydryl in the enzyme.



EXPERIMENTAL PROCEDURES

MATERIALS

Proteins

Horse liver alcohol dehydrogenase was obtained as
a crystalline suspension from C. F. Boehringer and Son,
Manheim, Germany.

Chymotrypsinogen A from bovine pancreas (CGC grade)
was purchased from Worthington Biochemical Corporation,
Freehold, New Jersey. This protein was obtained as a
lyophilized salt free powder after being recrystallized

five times.

Reagents

Acetylpyridine adenine dinucleotide, C. F. Boehringer and
Son, Manheim, Germany.

Disodium ethylene diaminetetraacetic acid (EDTA), Reagent
grade, J. T. Baker Chemical Co., Phillipsburg, New
Jersey.

Disodium hydrogen phosphate, Reagent grade, Allied Chemical
Corporation, New York, New York.

Dithioerythritol, Grade I, Cyclo Chemical Corporation,
Los Angeles, California.

Dithiothreitol, A grade, Calbiochem, Los Angeles, Cali-

fornia.
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Ethanol, U. S. P. grade, Commercial Solvents Corporation,
Los Angeles, California.

Guanidine-HCl, Ultrapure, Mann Research Laboratories, New
York, New York.

Hydrochloric acid, Reagent grade, J. T. Baker Chemical
Company, Phillipsburg, New Jersey.

Iodoacetic acid, Sigma Chemical Company, St. Louis,
Missouri.

Mercaptoethanol, Calbiochem, Los Angeles, California.

Nicotinamide adenine dinucleotide, C. F. Boehringer and
Son, Manheim, Germany.

Sephadex G-100, Pharmacia Fine Chemicals, Inc., Piscataway,
New Jersey.

Sodium Carbonate, Reagent grade, J. T. Baker Chemical
Company, Phillipsburg, New Jersey.

Sodium Chloride, Reagent grade, Matheson Company, Inc.,
Norwood, Ohio.

Sodium succinate, Matheson Company Inc., Norwood, Ohio.

Starch, Connaught Medical Research Laboratories, Toronto,
Canada.

Thioglycolic acid, Purified, Mann Reséarch Laboratories,
New York, New York.

Tris (trishydroxymethylaminomethane), Reagent grade,
Sigma Chemical Company, St. Louis, Missouri.

Whatman CM-52, Reeve Angel, Clifton, New Jersey.



EXPERIMENTAL PROCEDURES

METHODS

Preparation of LADH Stock Solution

The LADH suspension, obtained from C. F. Boehringer
and Son, was dialyzed against three changes of 0.05 M tris,
pH 7.5 at 4° C for approximately 24 hours. Subsequent
filtering through a 0.45y Millipore filter resulted in a
stock solution of LADH which was stable for about one
month. Turbidity in this stock solution, which appeared
after several weeks, could be removed by heating at 40° C

for 15 minutes and filtering.

Protein Concentration Determination

Protein concentrations were determined spectrophoto-

metrically by absorbance at the wave length of maximum
absorptivity in the 280 mu region. Absorbance was also
measured at 400 mp to correct for light scatter. Scatter
corrections were previously determined empirically by
measuring absorbance at 400 mu and 280 mu before and

after centrifuging down the aggregate causing turbidity
(McKay, 1962). LADH solutions having an absorbance higher
than 0.006 at 400 mp were heated to 40° C for 15 minutes
and then filtered through a 0.45 u Millipore filter. Table
1 gives the absorptivity of LADH and chymotrypsinogen A

in tris buffer and in 3 M GuHCl (Ehrenberg and Dal:ziel,
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TABLE 1

Absorptivity of LADH and CTogen

Wave Absorp-
Length tivity

Enzyme Solvent (mp)  (mg-lcm?) Reference
LADH tris buffer, 280 - 0.420 Ehrenberg and
pH 7.4 Dalziel, 1958
LADH 3 M GuHC1, 2717 0.426%
pH 7.2 :
CTogen tris buffer, 280 2.00 Schwert, 1951
pH 7.4
CTogen 3 M GuHCl, 280 2.06%
pH 7.2

*Absorbance was measured after concentrated GuHCl solution
was added to solutions of known protein concentration in
tris buffer. Absorptivity in 3 M GuHCl solution is based
on absorptivity in dilute buffer.
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1958; Schwert, 1951).

LADH Activity Determination

LADH activity was determined spectrophotometrically
by measuring the rate of formation of NADH in a solution
containing 1.7 x 10°3 M NAD, 1.6 x 10"% M ethanol and 0.06
M tris, pH 8.8 at 25° C. This environment gave optimum

LADH activity.

Sephadex G-100 Chromatography of LADH

Sephadex chromatography of LADH was done with a G-100
column having a diameter of 1.5 cm and a height of 21 cm.
This column was washed with 0.05 M tris, pH 7.1 until the
effluent had the same pH, conductivity, and 280 my absorb-
ance as the starting tris buffer. 1.00 ml of LADH (7.79
mg/ml) was added to the column and then eluted with tris
buffer at a flow rate of 1.1 ml/min. The temperature was
approximately 24° C. Protein eluted from the column was

measured by absorbance at 280 my.

Carboxy Methyl Cellulose Chromatography of LADH

A column of Whatman CM-52 having a diameter of 1.5 cm
and a height of 26.5 cm was washed with 0.01 M tris, pH
7.1 until the effluent had the same pH and conductivity
as the starting tris buffer. 1.00 ml of LADH (5.52 mg/ml)

was added to the column. After the first peak was eluted,
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the buffer was changed to 0.05 M tris, pH 7.5. The flow
rate was 0.67 ml/min. The temperature was approximately
25° C. Eluted protein was measured by absorbance at 280

mu.

Starch Gel Electrophoresis of LADH

Starch gel electrophoresis was done by the method of
Smithies (Smithies, 1955) as modified by Ashton (Ashton
and Braden, 1961). Sixty-two gm of Connaught starch were
mixed with 500 ml of hot buffer to form the gel. Whatman
filter paper was saturated with LADH solution and inserted
into the starch gel of 3 mm thickness. Electrophoresis
was done for 4 to 12 hours at 4° C with approximately
7 volts/cm. Protein was detected by nigrosin stain.
Dehydrogenase activity was detected by spraying the starch
gel with a solution of ethanol and acetylpyridine adenine
dinucleotide at pH 8.8 and observing green fluorescence

when the gel was irradiated with ultraviolet light.

Preparation of LADH and Chymotrypsinogen A Solutions in

GuHCl

One M GuHC1l solutions were made by adding concentrated
GuHCl to LADH stock solutions. Measurements were carried
out immediately since LADH is unstable in this environment
and tends to aggregate even when reducing agent is present.

Three molar and 5 M GuHC1l solutions were prepared in
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three different ways: (1) Enzyme stock solution was dia-
lyzed for 48 hours against GuHCl in 0.05 M tris buffer,
containing 0.1 M mercaptoethanol. (2) Enzyme stock
solution was added to solid GuHCl and then dialyzed for

48 hours against GuHCl-tris buffer solution containing

0.1 M mercaptoethanol. (3) Enzyme stock solution was added
to solid GuHCl. This solution was made 2.5 x 107> M in
dithiothreitol. After an hour, an excess of iodoacetate
over the total sulfhydryl content was added and the pH
adjusted to 8.0. Four hours later, the alkylated LADH was
dialyzed for 48 hours against GuHCl-tris buffer solution.
Solutions of chymotrypsinogen A in 5 M and 6 M GuHCl were
prepared in the same way. In addition to the above—;;oce-
dures, some solutions of LADH in 3 M GuHCl containing

no reducing agent were prepared by dialysis against

GuHCl-tris buffer solutions with and without EDTA.

Apparent Partial Specific Volume of LADH

Densities of enzyme and dialysate solutions were
measured with 3 ml and 5 ml pycnometers, designed by
Lipkin (Lipkin et al., 1944), obtained from Lab Glass,
Inc., Vineland, New Jersey. LADH concentrations ranged
from 6 to 15 mg/ml. Weighings were to the nearest 0.1 mg
with a Mettler type H16 analytical balance. Volumes were
measured in a constant temperature viscosity bath (Preci-

sion Scientific Company, Chicago, Model S) which was
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maintained at 20.00° C and regulated to + 0.005° C.

Apparent partial specific volume was calculated by the

following equation.

Py = density of dialysate
p = density of enzyme solution
¢ = enzyme concentration in mg/ml

Zinc Analysis

Zinc was determined by atomic absorption using the
method of Fuwa (Fuwa et al., 1964). A Westinghouse type
WL hollow cathode source was directed through a horizontal
hydrogen-air flame into a Zeiss Model PMQ-II spectropho-
tometer. With this arrangement, zinc aspirated into
the flame could be accurately measured in the 0.1 to 0.5
ppm range. In the concentrations used, tris and GuHCl

had no enhancing or quenching effect on the zinc analysis.

Kinetics of Inhibition of LADH with GuHC1

Lineweaver-Burk plots (Lineweaver and Burk, 1934)
were made for limiting ethanol and limiting NAD concentra-
tions. These kinetic measurements were done with and with-

out 0.5 M GuHCl present in the activity assay mixture.
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Kinetics of Denaturation of LADH with GuHC1

LADH was dissolved in 1 M, 2 M, and 3 M GuHCl1 at
0° C. Aliquots were taken at different time intervals
and activity was measured in an assay mixture containing
the same concentration of GuHCl. The decrease of activity
as a function of time was recorded. At the end of each
experiment, activity was determined in the absence of
GuHC1 to measure reversibility. This procedure caused a

1 to 250 dilution of the GuHC1.

Sedimentation Velocity

Measurements of sedimentation velocity were done at
20.0° C with a Spinco Model E analytical ultracentrifuge
using a Schlieren optical system. The change of index of
refraction with radial distance in the cell was recorded
on Kodak metallographic plates at different times during
a run. The radial distance of the maximum at each time
was measured with a Gaertner microcomparator. Between
four and tenpictures were used for the calculation of
the sedimentation coefficient (Schachman, 1957). Densi-
ties and relative viscosities of solvents were measured
for correction to water as solvent. The reciprocal sedi-
mentation coefficient was extrapolated to %ero concentra-
tion by the least squares method. Because of radial
dilution, concentration was corrected to the concentration

of the plateau region at the half time of the run (Kegeles
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and Gutter, 1951). A standard aluminum centerpiece (4°,
12 mm) was used for LADH in tris buffer and 1 M GuHCl.

An 2luminum filled epon double sector synthetic boundary
centerpiece (2.5°, 12 mm) was used for LADH and chymotryp-
sinogen A in 3 M and 5 M GuHCl so that early measurements
could be made prior to large diffusion and so that
measurements could be made at the plateau region of GuHCl.
Thus a correction for GuHCl sedimentation was not neces-

sary.

Diffusion of LADH

The diffusion coefficient of LADH was obtained by

measuring the spreading of a synthetic %oundary formed

by layering dialysate on enzyme solution. A double sector
synthetic boundary cell (2.5°, 12 mm) was used at 20.0°

C and 8000 rpm. No sedimentation was observed at this
speed. The diffusion coefficient was calculated by the
height-area method after reading Schlieren pictures by

a Gaertner microcomparator (Ehrenberg, 1957). Correction
to water as solvent was done by tﬁe procedure outlined

by Schachman (Schachman, 1957). -

Sedimentation Equilibrium

The method used for sedimentation equilibrium per-
mitted an extrapolation of molecular weight to zero con-

centration after one overnight experiment. Four
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millimeter columns of enzyme solution and dialysate were
inserted into a cell containing an aluminum filled epon
double sector centerpiece (2.5°, 12 mm). Rotor speeds

were used that gave approximately a ten fold difference in
concentration between the top and bottom of the solution
column after equilibrium had been reached. In cases where
concentration differences were less than eight fold, extra-
polation to zero concentration would involve an undesirably
small concentration interval. When concentration differ-
ences were greater than twelve fold, the molecular weight
measurements near the meniscus would be subject to large
errors. Making an initial assumption of molecular weight,
the following integrated sedimentation equilibrium equation
was used to calculate the rotor speed which would give the

desired concentration gradient (Van Holde, 1967).

m () . M-V o ®?-at
c (a) 2 RT
c = protein concentration N
a = radius of meniscus
b = radius of cell bottom
M = molecular weight
v =  apparent partial specific volume
P = solvent density
w = rotor speed
R = gas constant

T = absolute temperature
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By using the rpm step down procedure of Hexner (Hexner

et al., 1961), equilibrium could be reached within a day,
thus saving considerable time. This procedure consists

of sedimenting the protein solution at a higher rpm for

a short time until a distribution is reached which approx-
imates the equilibrium distribution at a lower rpm. Then
the rotor speed is decreased to the lower rpm and allowed
to rotate overnight. Pictures of the protein distribution
at equilibrium were taken on Kodak metallographic plates
using the Schlieren optical system. The differences in
change of index of refraction with distance between enzyme
and dialysate solutions, at 0.04 cm observed radial inter-
vals from meniscus to the cell bottom, were measured with
a Gaertner microcomparator. The actual intervals were
approximately 0.02 cm when corrected for optical magnifica-
tion. By measuring data in this way, the Schlieren read-
out is effectively divided into about 20 small trapezoids.
Concentration at each radial interval was calculated by

the following equation, assuming a conservation of mass.

. 2 2
< - area Co (rb ra)
b 2
£ [area - A (r°)]
a
¢ = concentration in the interval
Co = initial concentration
area = trapezoid area in the interval
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r, = radius of the meniscus
Ty, = radius of the cell bottom
Ar? = maximum difference of radius

squared in the interval

Calculation of Z average molecular weight was based on the
differential logarithmic form of the equilibrium equation

derived by Lamm (Lamm, 1929).

Aln(1l/r-dn/dr) . M (1 - ¥o)u’

T 7 arl 2 RT

n = 1index of refraction

r = vradius

M = molecular weight

Vv = apparent partial specific volume

solvent density

©
1]

w = TrTotor speed
R = gas constant
T = absolute temperature

The reciprocal square roots of molecular weight calculated
at each radial interval were extrapolated to zero concen-

tration by the least squares method.



22

Intrinsic Viscosity

Flow times of enzyme solutions and dialysates were
measured in a 1 ml Ubbelohde semi-micro dilution type
viscometer of 0.004 centistokes per second (Cannon Instru-
ment Company, State College, Pennsylvania). Constant
temperature was maintained at 25.00° C and regulated to
+ 0.005° C with a viscosity bath (Precision Scientific
Company, Chicago, Model S). Intrinsic viscosity was cal-

culated by a least square extrapolation of the following

equation.
n/n_ -1
0 2
< = [n] + k[n]" c
n/ng = t/ty c eleg
t = solution flow time
to = solvent flow time
p = solution density
Po = solvent density
c = concentration
[n] = intrinsic viscosity
k = Huggins constant
Calculations

Molecular weight and sedimentation coefficient calcula-

tions were done by an IBM 360 computer. Other calculations



23

were done by a Digital PDP-8/S computer. All straight
lines were computed by the least squares method. Error
analyses are standard deviations (Baird, 1962). The

computer program listings and descriptions will be found

in the Appendix.



RESULTS

Sephadex G-100 Chromatography of LADH

Chromatography of LADH with a Sephadex G-100 column
resulted in a major and a minor component. See Figure 1.
Recovery of protein was 104 per cent. The major component
contained 97 per cent of the total protein recovered.

The minor component, apparently of low molecular weight
since it was somewhat retarded by Sephadex G-100, was

3.2 per cent of the total protein recovered and had no
enzyme activity. Table II gives the specific activity of
fractions in the major peak. The small increase of spe-
cific activity over that of unchromatographed LADH and
the high values of specific activity throughout the major
peak indicate that this preparation of LADH has a high

degree of homogeneity.

Carboxy Methyl Cellulose Chromatography of LADH

Figure 2 shows a chromatogram of LADH after elution
from a column of carboxy methyl cellulose (Whatman CM-52).
One initial minor component and one major component were
observed. Recovery of protein was 93 per cent. The major
component contained 93 per cent of the total protein
recovered and the minor component contained 7.5 per cent.
Table III gives the specific activity of fractions in the

major and minor peaks. Both peaks had approximately the
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Figure 1

Elution diagram for Sephadex G-100 chromatography
of LADH. Absorbance at 280 mu is plotted against
fraction number. Each fraction contained 2.0 ml,
7.8 mg of LADH were applied to the column and

eluted with 0.05 M tris, pH 7.1. Temperature was

24° C. Recovery of protein was 104 per cent.



26

d3GANNN  NOILOVYS

| 1 1
"M N -
o o o

L
o
30NV E40SaY




27

TABLE 11

Specific Activity of Fractions in
Major Peak from Sephadex G-100

Fraction Specific Activity
Number (umole min-1 mg-1)
8 8.13
9 8.42
10 8.42
11 8.57 .
12 8.04
13 7.45

original enzyme 8.23
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Figure 2

Elution diagram for carboxy methyl cellulose (What-
man CM-52) chromatography of LADH. Absorbance at
280 mp is plotted against fraction number. Each
fraction contained 1.0 ml. 5.5 mg of LADH were
added to the column with 0.01 M tris, pH 7.1. After
the first peak was eluted, the buffer was changed to
0.05 M tris, pH 7.5 to elute the second peak.
Temperature was 25° C. Recovery of protein was 93

per cent.
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TABLE III

Specific Activity of Fractions
From Whatman CM-52

Fraction Specific Activit
Number (ymoles min-1 mg'{)
27 8.57 + 0.12%
28 8.23 + 0.00
65 8.42 + 0,00
66 8.08 + 0.07
67 8.28 + 0.08
68 8.18 + 0.27
69 7.94 + 0.03
70 7.31 + 0.05
71 7.85 + 0.33
original enzyme 8.23 + 0.23

*Average deviation of two determinationms.
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same specific activity as the unfractionated enzyme.

These results suggest that the two components are isozymes
and that a high degree of homogeneity is present. The
difference between the two components may be a difference
in amino acid content which apparently does not affect the

active center.

Starch Gel Electrophoresis of LADH

In starch gel electrophoresis at pHs below 9, LADH
moved toward the cathode. See Figures 3a and 3b. When
electrophoresis was done at pls 7 to 9 in 0.05 M tris
buffer or 0.05 M ﬁhosphate buffer, two minor bands and
one major band were observed. The major band appeared to
be about 90 per cent of the total protein. The leading
minor band had almost twice the mobility of the major band.
The other minor band was a trailing shoulder of the major
band. All bands had dehydrogenase activity. At pH 5.0
in 0.05 M succinate buffer, only one cathode migrating band
was observed. At pH 10.0, in 0.05 M carbonate buffer,
only one anode migrating band appeared. The minor bands
detected after electrophoresis in the pH 7 to 9 range are
presumed to be isozymes. Apparently, functional groups
in the minor components are titrated at pH 5.0 and pH 10.0
so that they display the same mobility as the major com-
ponent at these pHs. Since all the protein bands observed

had alcohol dehydrogenase activity, the starting enzyme
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Figure 3a

Starch gel electrophoresis of LADH in 0.05 M phos-
phate buffer, pH 7.0. This run was done at 4° C and
7 volts/cm for 12 hours. Protein was detected with

nigrosine stain.

Figure 3b

Starch gel electrophoresis of LADH in 0.05 M succin-
ate buffer, pH 5.0. This run was done at 4° C and 7
volts/cm for 4 hours. Protein was detected with

nigrosine stain.
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appears to be homogeneous in enzymatic activity.

l
Kinetics of Inhibition of LADH by GuHCl

Kinetic measurements were made with limiting ethanol
concentrations (4.0 x 10°% M to 1.6 x 1072 M) and also
with limiting NAD concentrations (6.8 x 107> M to 1.7 x
10-3 M). Each case was examine& with and without 0.5 M
GuHCl. Lineweaver-Burk plots of reciprocal specific
activity versus reciprocal concentration of substrate or
cofactor are shown in Figures 4 and 5. These data indicate
that there is competitive inhibition of the guanidinium
ion with NAD and mixed inhibition with ethanol. The
kinetic constants, V., and K, were calculated after a
least squares treatment of the data according to the fol-

lowing equation (Eadie, 1952). See Table IV.

v = Vv - K _Y
max
(S}
v = specific activity
Vimax = maximum specific activity
K = Michaelis constant
[S] = substrate or cofactor concen-

tration

Kinetics of Denaturation of LADH by GuHC1

The effects of GuHCl on the activity of LADH when
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Figure 4

Reciproéal specific activity is plotted against
reciprocal ethanol concentration (Lineweaver-Burk
plot). Specific activity was measured in 0.06 M
tris, pH 8.8, containing 1.7 x 10"3 M NAD and 6.9 x
10°8 M LADH at 25° C with and without 0.5 M GuHCI.

A 0.05 M GuHCl in assay.
O No GuHC1 in assay.
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Figure 5

Reciprocal specific activity is plotted against reci-
procal NAD concentration (Lineweaver-Burk plot).
Specific activity was measured in 0.06 M tris, pH
8.8, containing 1.6 x 10"% M ethanol and 7.5 x 1078

M LADH at 25° C with and without 0.5 M GuHCl.

A 0.05 M GuHC1 in assay.

O No GuHC1 in assay.
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TABLE IV

Kinetic Constants for LADH

Vmax . X x 104 Number of

Solvent (umoles min-1 mg-1) (M) Points
0.06 M tris, pH 8.8 7.82 + 0.06 4.07 + 0.12 8
1.7 x 1073 M NAD
ethanol limiting
0.06 M tris, pH 8.8 4.23 + 0.04 5.82 + 0.17 8
1.7 x 10-3 M NAD
ethanol limiting
0.50 M GuHC1
0.06 M tris, pH 8.8 7.58 + 0.15 1.44 + 0.10 12
1.6 x 10-2 M ethanol
NAD limiting
0.06 M tris, pH 8.8 7.46 + 0.30 1.46 + 0.13 9
1.6 x 10-2 M ethanol
NAD limiting
0.06 M tris, pH 8.8 6.32 + 0.43 4.85 + 0.48 8

1.6 x 102 M ethanol
0.50 M GuHC1
NAD limiting
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treated with 1 M, 2 M, and 3 M GuHCl at 0° C and assayed
in the presence of the same concentration of GuHCl are
shown in Figure 6. These data show the transition from
reversible inhibition by 1 M GuHCl to rapid and totally
irreversible denaturation by 3 M GuHCl. At the end of
each experiment, activity was determined in the absence of
GuHCl in order to indicate the reversibility of guanidine
treatment. This procedure caused a 1 to 250 dilution of
the GuHCl. The effect of 1 M GuHCl was found to be com-
pletely reversible after one hour (96 per cent recovery of
activity). On the other hand, dilution after Z M GuHCl
treatment resulted in only 1 per cent restoration of
activity after 75 minutes. Activity loss after 3 M GuHCl
treatment was irreversible within a short time.

When a solution of LADH in 2 M GuHCl was examined by
ultracentrifugation, two Schlieren peaks were observed
(2.5 S and 5.0 S). See Figure 7. The untreated enzyme
displayed only one peak (5.0 S). The appearance of two
peaks in GuHC1l denatured LADH suggests an irreversible
interaction of LADH with GuHCl. Thus, a new structure
seems to be formed in 2 M GuHCl which cannot return to
its former state under the conditions of these experiments.
Whether this new structure is the result of dissociation
or the result of a large structural change without dis-
sociation, can be determined by molecular weight measure-

ments.
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Figure 6

Per cent activity remaining in GuHCl1 treated LADH
is plotted against time. LADH was reacted with
1M, 2M, and 3 M GuHC1 at 0° C. The same concen-
tration of GuHCl1l was present in the activity assay
mixtures. At the end of each experiment, activity
was measured without GuHC1l present in the assay

mixture.

QO LADH in 1 M GuHCl.
O LADH in 2 M GuHCl.
@® LADH in 3 M GuHCl.
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Figure 7

Sedimentation velocity of LADH in 2 M GuHCl was ob-
served by a Schlieren optical system. The solvent
contained 0.05 M tris, 0.02 M thioglycolate, and 2.0
M GuHCl1l at pH 7.2. LADH dissolved in solvent was
centrifuged at 59,780 rpm in a cell containing a
double sector centerpiece (2.5°, 12 mm). Pictures
were taken at 16 minute intervals with a bar angle of
60° C. Zero time was when top speed was reached.

In this figure, a and b represent the meniscus and

cell bottom.
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Apparent Partial Specific Volume of LADH in 5 M GuHCl

Apparent partial specific volumes (V) of LADH at 20° C
in tris buffer and in 5 M GuHCl are given in Table V.
The values of V in tris buffer agree quite well with the
v of 0.750 ml/gm obtained by Ehrenberg and Dalziel in
phosphate buffer (Ehrenberg and Dalziel, 1958). The
slight increase of v from 0.750 in tris buffer to 0.754
in 5 M GuHCl indicates little or no change of V when LADH
is denatured in GuHCl solution. Other laboratories have
found no change or a slight decrease in v for other proteins
dissolved in GuHC1l (Seery et al., 1967; Kielley and
Harrington, 1960; Reithel and Sakura, 1963; Woods et al.,
1963; Marler et al., 1964). A Vv of 0.750 ml/gm was used
for calculating the molecular weight and sedimentation
coefficient of LADH in tris buffer and in 1 M GuHCl. For
calculations when LADH was in 3 M or 5 M GuHCl, a v of

0.754 was used.

Sedimentation Coefficient of LADH and Chymotrypsinogen A

Table VI gives observed and corrected sedimentation
coefficients after extrapolation of the reciprocal sedi-
mentation coefficients to zero concentration to correct
for nonideality. The slopes of the extrapolations, also
listed in Table VI, are a measure of the nonideality of
each system. Solutions containing mercaptoethanol gave

significantly smaller slopes than solutions containing



TABLE V

Apparent Partial Specific Volume of LADH at 20° C
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Pycnometer _
Concentration Volume v

Solvent (mg ml'l) (ml) (ml gm'll
0.05 M tris, pH 7.5 9.85 5 0.750
0.05 M tris, pH 7.5 9.60 5 0.749
5 M GuHCl1l, pH 7.0 14.52 3 0.757

0.1 M EtSH

5 M GuHC1, pH 7.0 4.80 5 0.752

0.1 M EtSG



TABLE VI

Sedimentation Coefficients

Slope of Points in
o o 1/8 Extra-
S20,obs Szo W 2010b5 polation
Enzyme Solvent (S)* (S3* (ml mg-! §-1)
LADH 0.05 M tris, 4,93 + 0.04 5.08 + 0.04 0.,00217 5
pH 7.5
LADH 1 M GuHC1, 4,52 + 0,03 5.24 + 0.04 0.00355 4
pH 7.4
1.1 x 10-3 DTE
LADH 3 M GuHCl1, 1.47 + 0.10 2,29 + 0.15 0.00348 5
pH 7.2
0.1 M EtSH
LADH 3 M GuHC1, 1.43 + 0,04 2.25 + 0,06 0.00458 8
pH 7.2 )
DTT, IA
LADH 5 M GuHC1, 0.87 + 0.09 1.98 + 0.21 0.00607 4
pH 7.0
0.1 M EtSH
LADH 5 M GuHC1, 0.94 + 0.02 2.15 + 0.04 0.00813 8
pH 7.0
DTT, IA
CTogen 5 M GuHC1, 0.87 + 0.06 1,83 + 0.12 0.00658 6
pH 7.0
0.1 M EtSH
CTogen 5 M GuHC1, 0.87 + 0.02 1.87 + 0.05 0.00864 8
pH 7.0
DTT, IA

* One Svedberg unit (S) = 10-13 seconds.

Ly
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dithiothreitol, dithioerythritol, or no reducing agent.
Since nonideality is minimized by the presence of mercap-
toethanol, this reducing agent is preferred in experiments
where calculations require an extrapolation to zero con-
centration.

For the purpose of comparing the results obtained
for LADH with a well characterized protein, the sedimen-
tation coefficient was determined for chymotrypsinogen A
in 5 M GuHC1 solution containing reducing agent. Subse-
quent determiqg;ions of the molecular weight and intrinsic
viscosity of LADH were also compared to measurements of

these parameters for chymotrypsinogen A.

Diffusion Coefficient of LADH

The diffusion coefficient of LADH in tris buffer was
precise enough to extrapolate to zero concentration. See
Table VII. When diffusion experiments were done in GuHCl,
however, the forming of symmetrical and undisturbed syn-
thetic boundaries became increasingly difficult as the
GuHCl concentration increased. This difficulty has been
observed by others (Creeth, 1967). Consequently the
precision was poor, and extrapolation to zero concentration
was not justified. Diffusion coefficients of LADH in GuHCl
represent average values for the concentration range of 4

to 8 mg/ml.
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TABLE VII

Diffusion Coefficients of LADH

Dyp,obs** D20,wx*  Number of
Solvent (F)* gp)* Points
0.05 M tris, pH 7.5 6.11 + 0.12 6.23 + 0.12 4
1 M GuHCl1l, pH 7.4
1.1 x 10-3 M DTE 5.84 6.16 2
3 M GuHC1, pH 7.2
0.1 M EtSH 3.22 + 0.20 3.80 + 0,23 11
5 M GuHC1l, pH 7.0
0.1 M EtSH 2.57 + 0,12 3.67 + 0.16 4

*One Fick unit (F) = 107 cm? sec”!

**The diffusion coefficients in tris buffer were extrapolated
to zero concentration. In GullCl solutions the diffusion
coefficients were averaged for the concentration range of
4 to 8 mg/ml.
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Molecular Weight of LADH from Sedimentation and Diffusion

Coefficients

Table VIII gives molecular weight calculations based

on the Svedberg equation.

Molecular Weight = S_RT
D (1 - ¥p)
S = sedimentation coefficient
D = diffusion coefficient
vV = apparent partial specific
volume
p = solvent density
R = gas constant
T = absolute temperature

The sedimentation and diffusion coefficients used in these
calculations are average values from Tables VI and VII.
The apparent slight increase of molecular weight for LADH
in 1 M GuHC1l may be due to a small amount of aggregation
since LADH is somewhat unstable in this environment. How-
ever, the error analysis indicates that the difference

is not significant. Even though the diffusion coefficient
is unreliable in 3 M and 5 M GuHC1l (Creeth, 1967), the
molecular weight of LADH in these solvents does appear to
be significantly decreased. These results suggest that

LADH dissociates into subunits in concentrated GuHCl.



TABLE VIII

Molecular Weight of LADH from Sedimentation
and Diffusion Coefticients

GO D v Molecular
Solvent 20,w 20,w (ml gm™ ) Weight
0.05 M tris, 5.08 + 0.04 6.23 + 0.12 0.750 79100 + 2100
pH 7.5
1 M GuHCl1, 5.24 + 0.04 6.16 0.750 82500
pH 7.4
1.1 x 1073 M
DTE
3 M GuHCl, 2.29 + 0.15 3.80 + 0.23 0.754 59400 + 7500
pH 7.2
0.1 M EtSH
5 M GuHCl, 1.98 + 0.21 3.67 + 0.16 0.754 53200 + 7900
pH 7.0
0.1 M EtSH

1S
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Molecular Weights of LADH and Chymotrypsinogen A by Sedi-

mentation Equilibrium

Table IX gives Z average molecular weights after
extrapolation of reciprocal square roots of Z average
molecular weight to zero concentration. In order to demon-
strate the absence of charge effects which may be present
in dilute buffer, some LADH solutions were dialyzed against
0.2 M NaCl in tris buffer. When reducing agent was not
present in 3 M GuHCl solutions, with and without EDTA,
nonlinear plots were obtained. See Figures 8 and 9. This
nonlinearity indicates reversible association-dissociation.
In these experiments, only the points near the meniscus
of the solution column were used for extrapolation to zero
concentration. Typical plots of reciprocal square root of
Z average molecular weight versus concentration in GuHCl
containing reducing agent, with and without alkylation,
are given in Figures 10, 11, and 12. The second virial
coefficient was calculated from the slope of the extra-

polation by the following equation (Marler et al., 1964).

-1/2 . o -1/2 o1l/2
Mapp M + 2BM c
Mapp = apparent molecular weight
MO = molecular weight at zero

concentration

B = second virial coefficient



Enzyme

TABLE IX

Z Average Molecular Weight

Solvent

LADH

LADH

LADH

LADH

LADH

LADH

LADH

LADH

LADH

LADH

0

0

(2]

(9]

w

.05 M tris,
pH 7.5

.05 M tris,
PH 7.5,
0.2 M NaCl

.05 M tris,
pPH 7.5,
0.2 M NaCl

M GuHC1,
pH 7.2

M GuHC1,
pPH 7.2

M GuHC1,

PH 7.2,

1.9 x 103 M
EDTA

M GuHC1,

PH 7.2,

1.9 x 10°3 M
EDTA

M GuHC1,
pH 7.2,
DTT, IA

M GuHC1,
pH 7.2,
DTT, IA

M GuHC1,
pH 7.2,
DTT, IA

53

Molecular B x 10° No. of

Weight (ml mole gm~2) Points
78500 + 1100 0.03 13
77800 + 600 0.48 10
77900 + 1100 1.23 13
68100 + 1800 -58.1 10
61100 + 1900 -65.3 10
61100 ¢+ 1300 -63.8 13
69500 + 2200 -39.9 13
56400 + 1100 44 .2 16
54400 + 700 40.4 17
+ 600 34,4 18

52600



Enzzme

LADH

LADH

LADH

LADH

CTogen

CTogen

TABLE IX (Cont'd.)

Solvent

M GuHC1,
pH 7.0,
DTT, IA

M GuHC1,
pPH 7.0,
DTT, IA

M GuHC1,
pH 7.0,
0.1 M EtSH

M GuHCl1,
pPH 7.0,
0.1 M EtSH

M GuHC1,
pH 7.0,
DTT, IA

M GuHCl,
pH 7.0,
DTT, IA

Molecular
Weight

B x 10°
(ml mole gm'z) Points

54

No. of

50500 + 1000

47700 + 1200
45700 + 700
45700 + 600
23900 + 300
23600 + 400

54.

24.

25.

56.

48,

8

15

14

13

20

15

11
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Figure 8

Reciprocal square root of Z average molecular weight
is plotted against LADH concentration. Enzyme solu-
tion was dialyzed against 3 M GuHC1l for 48 hours.
Four mm columns of enzyme solution and dialysate were
put in a double sector cell (2.5°, 12 mm) and centri-
fuged at 8225 rpm. When equilibrium was reached,
pictures were taken of the Schlieren optical system

with a bar angle of 54°.
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Figure 9

Reciprocal square root of Z average molecular weight
is plotted against LADH concentration. The enzyme
solution was dialyzed against 3 M GuHCl containing
1.9 x 1073 M EDTA for 48 hours. Four mm columns of
enzyme solution and dialysate were put in a double
sector cell (2.5°, 12 mm) and centrifuged at 11,272
rpm. At equilibrium, pictures were taken of the

Schlieren optical system with a bar angle of 65°.



58

10
LADH, mg/ml



59

Figure 10

Reciprocal square root of Z average molecular weight
is plotted against LADH concentration. Enzyme in

3 M GuHCl solution was treated with DTT and excess
iodoacetate and then dialyzed against 3 M GuHCl for
48 hours. Four mm columns of enzyme solution and
dialysate were put in a double sector cell (2.5°,

12 mm) and centrifuged at 17,250 rpm. At equili-
brium, pictures were taken of the Schlieren optical

system with a bar angle of 55°.
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Figure 11

Reciprocal square root of Z average molecular weight
is plotted against LADH concentration. Enzyme in

5 M GuHCl1 solution was treated with DTT and excess
iodoacetate and then dialyzed against 5 M GuHCl for
48 hours. Four mm columns of enzyme solution and
dialysate were put in a double sector cell (2.5°,

12 mm) and centrifuged at 19,160 rpm. At equili-
brium, pictures were taken of the Schlieren optical

system with a bar angle of 42°,
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Figure 12

Reciprocal square root of Z average molecular weight
is plotted against LADH concentration. Enzyme in

5 M GuHCl was dialyzed against 5 M GuHCi .containing
0.1 M mercaptoethanol for 48 hours. Four mm columns—
of enzyme solution and dialysate were put in a double
sector cell (2.5°, 12 mﬁ) and centrifuged at 19,160
rpm. At equilibrium, pictures were taken of the

Schlieren optical system with a bar angle of 45°,
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c = concentration

In 5 M GuHC1 with mercaptoethanol as the reducing agent,
the second virial coefficient was about half the value
obtained from solutions treated with dithiothreitol and
iodoacetate. As in the case of the sedimentation velocity
experiments, mercaptoethanol is the preferred reducing

agent when the calculations require an extrapolation to

zero concentration to correct for nonideality.

Intrinsic Viscosity of LADH and Chymotrypsinogen A

Intrinsic viscosities and Huggins constants are listed

}n Table X. The Huggins constant is somewhat inaccurate
since it includes the error of the slope-plus twice the
error of the intrinsic viscosity. The Huggins constant

for LADH in 5 M GuHCl is 1.03, an average of three values.
This value is higher than those calculated for most other
proteins (Tanford, 1967). For a random coil, the expected
value of the Huggins constant is 0.35 and 0.40 (Huggins,
1942; Flory, 1953). The high Huggins constant calculated
for LADH suggests that LADH is not completely a random

coil in 5 M GuHC1.

Zinc Content of LADH in GuHC1 Solutions

After LADH was dissolved in 1 M, 2 M, or 3 M GuHCl and

dialyzed against three changes of GuHCl1l dialysate (volume
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TABLE X

Intrinsic Viscosity of LADH and CTogen

Intrinsic
Viscosity Huggins No. of
Enzyme Solvent (ml gm-1)  Constant Points

LADH 3 M GuHC1, 26.5 + 0.5 - 3
PH 7.2,
DTT, IA

LADH _ 3 M GuHC1, 17.4 + 0.8 - 4
PH 7.2,
DTT, IA

LADH 3 M GuHC1, 26.4
PH 7.2,
0.1 M EtSH

'+

0.4 - 3

LADH 3 M GuHC1, 17.0
pH 7.2,
8 x 10-3 M
DTT

1+

0.1 - 3

LADH 5 M GuHCl1, 30.8
pH 7.0,
DTT, IA

0.4 0.99 4

'+

LADH 5 M GuHCl, 28.8 - 2
pH 7.0,
0.1 M EtSH
LADH 5 M GuHC1, 26.2 1.0 1.24 4
pH 7.0,
0.1 M EtSH

14

LADH 5 M GuHC1, 25.7
pH 7.0,
0.1 M EtSH

14

0.4 0.87 4

CTogen 5 M GuHC1, 23.1 + 0,2 0.32 4
pH 7.0,
DTT, IA

CTogen 5 M GuHC1, 22.0
pH 7.0,
0.1 M EtSH

LK 4

0.3 0.25 4



Enzzme

CTogen

CTogen

TABLE X (Cont'd.)

Solvent

- 6 M GuHC1

pH 6.9
0.1 M EtSH

6 M GuHCl
pH 6.9
0.1 M EtSH

67

Intrinsic

Viscosity Huggins No. of

(m1 gm-1) Constant Points
25.9 + 0.3 0.40 4
26.3 + 0.6 0.36 4



68

ratio of dialysate to enzyme solution was 250), zinc
analyseéyg;esented in Table XI were obtained. Dialysis
against 1 M GuHCl caused a loss of only 11 per cent of the
zinc from LADH. However, all zinc was removed when
exhaustive dialysis was carried out in 2 M or 3 M GuHCl.

The effect of EDTA on zinc removal from LADH in 1 M
GuHC1 was measured by sedimentation experiments, followed
by zinc analysis of the supernatant and the bottom layer
after all the protein had sedimented to the bottom of
the cell. See Table XII. Under the conditions of these
experiments, about 65 per cent of the zinc was removed.
Eventually aggregation of LADH was observed, even in the
presence of reducing agent. Since DTT and DTE are quite
reactive and consequently unstable (Cleland, 1964), their
effectiveness decreases as a function of time. Calculated
sedimentation coefficients indicate that no subunit was
formed during these experiments.

When LADH in 3 M GuHCl was dialyzed to equilibrium
against GuHCl dialysate (volume ratio of dialysate to
enzyme solution was 8), 80 per cent of the zinc remained
bound to the enzyme. An analogous experiment with the
addition of EDTA resulted in complete zinc removal from
LADH. See Table XIII. These results indicate that zinc
is weakly bound to LADH in 3 M GuHCl and that the addition
of EDTA or exhaustive dialysis removes all zinc. Similar

data were obtained by Drum and coworkers for LADH in 8 M
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TABLE XI

Zinc Removal from LADH By
Exhaustive Dialysis

Solvent : % Zinc Bound
0.05 M tris, pH 7.5 100
1 M GuHCl1l, pH 7.4 89
2 M GuHCl, pH 7.3 0

3 M GuHCl, pH 7.2 0



| TABLE XII
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Zinc Removal from LADH in 1 M GuHCl Containing EDTA

Time
(Hr)

Experiment A* 0
2

21

49

Experiment B** 0

20
49

% Zinc

Bound

100
80
48
37

100
70
48
34

S20,w

4.68
4.67
4.81, 14.4, 37.9

4.65
4.70
4.71, 46.3

*Solution composition: LADH, 3.85 mg/ml; enzyme zinc,

2.02 x 10-4 M; EDTA, 2.49 x 10-3

tris, 0.05 M, pH 7.4; GuHCl, 1.

0 M.

M; DTE, 1.08 x 10-2 M;

*%*Solution composition: LADH, 4.51 mg/ml; enzyme zinc,

2.20 x 10-4 M; EDTA, 4.98 x 10-3

tris, 0.05 M, pH 7.4; GuHCl1, 1.

0 M.

M; DTT, 216 x 10-2 M;



TABLE XIII

Zzinc Removal from LADH By
Equilibrium Dialysis

Solvent % Zinc Bound
0.05 M tris, pH 7.5 100
3 M GuHCl1l, pH 7.2 80

3 M GuHCl, pH 7.2, 0
1.9 x 10-3 M EDTA
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urea (Drum et al., 1967).
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DISCUSSION

Though the kinetics of LADH have been thoroughly
studied (Theorell, 1967), relatively little is known
about LADH structure. The number of subunits in LADH
is in dispute, and only preliminary investigations have
been made concerning the role of zinc in structure and
catalysis. The object of the present work was to deter-
mine the number of subunits in LADH and to further
elucidate the function of zinc in the enzyme.

The LADH prepared by Boehringer exhibited a high
degree of homogeneity as shown by chromatography and
starch gel electrophoresis. Sephadex G-100 chromatogra-
phy revealed about 3 per cent of low molecular weight
material. See Figure 1. Carboxymethyl cellulose chro-
matography indicated a minor component (7 per cent) which
had the same specific activity as the major component.
See Figure 2. Starch gel electrophoresis (Figure 3)
confirmed the presence of minor components presumed to
be isozymes. Since the LADH prepared by Boehringer
appeared to be well above 90 per cent homogeneous by all
criteria, it was used without further purification.

The molecular weight of Boehringer LADH was deter-
mined by equilibrium sedimentation in tris buffer and
in tris buffer containing 0.2 M NaCl. See Table IX.

Since no significant change was observed when NaCl was
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present, charge effects on measurements of LADH in dilute
neutral tris buffer appear to be negligible. Averaging
the results for the two conditions gives a Z average
molecular weight of 78,200 for LADH in dilute neutral
buffer. This value is in good agreement with Hamburg
who found 78,700 and with Vallee and coworkers who found
80,000 (Hamburg, 1966; Drum et al., 1967).

Figure 6 shows that the effect of 1 M GuHCl on the
kinetics of LADH is reversible. When LADH was assayed
for activity in the presence of 1 M GuHCl, its activity
was 33 per cent of activity measured when no GuHC1l was
present in the assay mixture. After being treated with
1 M GuHCl1l at 0° C for one hour, enzymatic activity of
LADH was measured in the absence of GuHCl. This condi-
tion represents a 1 to 250 dilution of the GuHCl. Nine-
ty-six per cent of the enzymatic activity was recovered
indicating complete reversibility of the effect of 1 M
GuHCl. Lineweaver-Burk plots (Figure 5) indicate that
guanidinium ion competitively inhibits LADH activity
by interfering with NAD binding. With limiting ethanol,
the inhibitory effect of GuHCl is mixed (Figure 4). Such
results suggest that the primary kinetic event is the
addition of NAD or NADH to the enzyme and that the rate
limiting step may be the dissociation of the cofactor-
enzyme complex. Similar conclusions have been made by

others (Theorell and Chance, 1951; Theorell and
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Bonnichsen, 1951; Dalziel, 1962).

Addition of GuHCl to the 2 M level resulted in ir-
reversible denaturation. After 2 M GuHCl treatment,
enzymatic activity was not recovered when LADH was assayed
in the absence of GuHCl (Figure 6). Although the GuHC1
was diluted 1 to 250, recovery of activity was only 1 per
cent. The two components observed by sedimentation
velocity (Figure 7) also suggest irreversibility. If
the system were reversible, the Schlieren pictures would
be expected to show only one peak. When compared to LADH
in tris buffer, this peak should have a lower sedimenta-
tion coefficient in the case of reversible denaturation
or dissociation and a higher sedimentation coefficient in
the case of aggregation. Although reversibility was not
observed in these experiments, some reversibility should
be possible if suitable conditions were found. One lab-
oratory has reported reversibility of activity after 8 M
urea denaturation of LADH when reducing agent and excess
zinc were present (Drum et al., 1967). R

A molecular weight calculation from sedimentation
and diffusion coefficients gave a value of 82,500 for
LADH in 1 M GuHCl. See Table VIII. Although this result
is slightly higher than the molecular weight of 79,100
found for LADH in tris buffer by the same method, the
error analysis shown in Table VIII shows that both results

are within experimental error. The apparent small increase
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of molecular weight in 1 M GuHCl is not surprising,

since LADH is unstable in this environment and tends to
aggregate. Clearly, LADH does not dissociate in 1 M
GuHC1l, though there appears to be some loosening of the
structure which results in instability and leads to aggre-
gation. The formation of intermolecular disulfide bonds
may be a factor in LADH aggregation.

The effect of EDTA on LADH in"1 M GuHC1 is shown in
Table XII. About 65 per cent of the zinc in LADH was
removed in 48 hours. At that time, some aggregation was
observed which may or may not be due to zinc removal,
Sedimentation velocity calculations indicate that no sub-
units were formed at any time during these experiments.
The sedimentation coefficient (Szo’w) did not drop below
4.7, the value for native LADH. Since exhaustive dialysis
of LADH in tris buffer, pH 7.5, against EDTA solution
causes no zinc removal (Akeson, 1964), the loss of zinc
from LADH in 1 M GuHCl when EDTA is present again suggests
that the enzyme structure is loosened in this environment.
Zinc does not seem to play an important role in subunit
association, because the removal of zinc in 1 M GuHCl, a
structure-loosening environment, does not result in dissoc-
iation.

Sedimentation equilibrium studies of LADH in 3 M
GuHCl, with and without EDTA, revealed information about

subunit association. The curvature of molecular weight
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data shown in Figures 8 and 9 suggests a reversible
association-dissociation system (Adams, 1967). Irrever-
sible aggregation, a possible alternative hypothesis,

does not explain the large negative slope near the menis-
cus. If aggregation of subunit were the only process
occurring in 3 M GuHC1l, the molecular weight data should
be concave down rather than concave up as shown in

Figures 8 and 9. The best explanation for this data is a
multiple equilibrium between subunit, dimer, and trimer
with the possibility of some irreversible aggregation at
the bottom of the cell. The extrapolated molecular weight
values for LADH in 3 M GuHCl, with and without the presence
of EDTA, are shown in Table IX. These values (61,000 to
69,000) are somewhat artificial since points near the
meniscus were arbitrarily chosen for the extrapolation.
Curvature near the meniscus would cause the molecular
weight at zero concentration to be lower than the extra-
polated values and would result in a molecular weight
approaching that of the subunit. Figures 8 and 9 indicate
that the presence or absence of EDTA has no effect on the
molecular weight distribution of LADH in 3 M GuHCl.

Table XIII shows that the addition of EDTA to a solution
of LADH in 3 M GuHCl causes all bound zinc to be removed.
Since zinc removal had no effect on the molecular weight
distribution, zinc appears to have little or no role in

subunit association. This conclusion is at variance with
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the results of Vallee and coworkers who found that the
molecular weight of LADH in 8 M urea, when treated with
EDTA or mercaptoethanol, decreased from 40,000 to 20,000
(Drum et al., 1967).

Quite different sedimentation equilibrium data were
obtained for alkylated LADH in 3 M GuHCl. The straight
line relationship with a large positive slope shown in
Figure 10 is typical for a homogeneous protein subunit
in concentrated GuHCl. The molecular weight of alkylated
LADH in 3 M GuHC1l is 54,500, an average of three deter-
minations. See Table IX. Apparently alkylation destroyed
the reversible system observed previously and resulted
in the presence of subunit and perhaps some dimer. The
large difference in sedimentation equilibrium behavior
of LADH before and after alkylation indicates that sulf-
hydryl groups have a role in subunit association. This
role may include hydrogen bonding between sulfhydryl groups
and other residues or ionic sulfur bonding to regions of
positive charge in adjacent peptide chains. The presence
of mercaptoethanol or the alkylation of cysteine residues
would destroy such associations.

The data in Table IX indicate a slight decrease in
molecular weight for alkylated LADH when the environment
was changed from 3 M to 5 M GuHC1l. This decrease in
molecular weight from 54,500 in 3 M GuHCl to 49,100 in

5 M GuHCl suggests that some additional dissociation has
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occurred. The best molecular weight results were obtained
when LADH was dissolved in 5 M GuHCl containing mercap-
toethanol. The average value for the Z average molecular
weight of LADH in 5 M GuHCl1 containing 0.1 M mercaptoe-
thanol is 45,700. This value is in reasohable agreement
with the result of Hamburg who reported a molecular weight
of 42,000 in 7 M urea containing reducing agent. He
assumed a v of 0.735 (Hamburg,-1966). Castillino and
Barker have reported a molecular weight of 41,000 for

LADH dissolved in 6 M GuHCl containing reducing agent.
They assumed that v i; 0.74 (Castillino and Barker, 1968).
If a v of 0.735 is assumed for LADH in 5 M GuliCl contain-
ing 0.1 M mercaptoethanol, the molecular weight calculated
from data of this thesis would be lowered to 40,200. The
fact that the molecular weight, calculated with the measured
Vv of 0.754, was about 10 per cent higher than expected

may be due to incomplete dissociation, to solvent binding
to the enzyme, or to an error in the measurement of V.

It is tempting to question Vv, since its value measured in
5 M GuHCl1l is slightly higher than the value observed in
dilute buffer solution. See Table IV. Other laboratories
have reported no change or a slight decrease of v when
proteins were dissolved in concentrated GuHC1l (Kielley

and Harrington, 1960; Woods et al., 1963; Reithel and
Sakura, 1963; Marler et al., 1964; Seery et al., 1967).

On the other hand, binding of solvent can account for §
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to 10 per cent of the molecular weight according to the
results obtained when myosin was dissolved in 5 M GuHCl
(Kielley and Harrington, 1960).

The molecular weight of LADH decreases approximately
10 per cent when the GuHCl concentration is increased
from 3 M to 5 M. Such a small decrease when the denatur-
ing agent was nearly doubled implies that further increase
in denaturant will not significantly change the molecular
weight of LADH. Consequently, these data indicate that
there are no more than two subunits in LADH. This conclu-
sion does not agree with the results of other workers who
have reported that LADH is composed of four subunits
(Drum et al., 1967; Cheng et al., 1968).

The constants of Tanford's equations for sedimentation
velocity and viscosity were determined empirically in 6 M
GuHC1l and 0.1 M mercaptoethanol at 25° C by measuring the
sedimentation coefficient and intrinsic viscosity of
twelve proteins (Tanford et al., 1967). These equations

are given below.

wn
It

(1 - ¥p) 0.286 NO-473

0.716 NO-06

~—

=

—
L}

S® = sedimentation coefficient at zero

concentration
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p = solvent density

<l
]

apparent partial specific volume

N = number of residues per chain

[n] intrinsic viscosity

The average sedimentation data from Table VI for LADH and
chymotrypsinogen A in 5 M GuHCl were corrected to 6 M
GuHCl containing 0.1 M mercaptoethanol at 25° C by the
method outlined by Schachman (Schachman, 1957). The cal-
culated number of residues per chain is compared with the
expected chain lengths in Table XIV. Both LADH and chymo-
trypsinogen A appear to be longer than the theoretical
chain lengths. Table XV shows calculations of the number
of residues per chain from the average intrinsic viscosity
data obtained for the two proteins in 5 M GuHC1 (Table X).
These Tesults indicate chain lengths less than expected
for LADH and chymotrypsinogen A. In both sedimentation
velocity results and viscosity results, the difference
between expected and calculated number of residues per
chain for LADH and chymotrypsinogen A may be attributed to
a small conformational change when the solvent containing
0.1 M mercaptoethanol, is changed from 5 M to 6 M GuHCl.
Table X shows that the intrinsic viscosity of chymotryp-
sinogen A increases from 22.0 to 26.1 for this solvent

change reflecting a difference in protein conformation.
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TABLE XIV

Number of Residues per Chain from
Sedimentation Coefficient

o] [s) .

SZS,6M SZS,6M Chain Length
Protein Calculated Observed* Calculated Theoretical
LADH 0.794 - 465 368*%*
CTogen 0.779 0.65 290 245

* Tanford et al., 1967

** Calculated from the amino acid analysis of Hamburg
(Hamburg, 1966), assuming a molecular weight of
39,000.
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TABLE XV

Number of Residues per Chain from
Intrinsic Viscosity

Intrinsic Intrinsic*
Viscosity Viscosity
in 5 M GuHC1 in 6 M GuHCl Chain Length
Protein (m1 gm-1) (ml gm-1) Calculated Theoretical
LADH 27.9 - 257 368*%*
CTogen 22.5 26.8 186 245

* Tanford et al., 1967

** Calculated from the amino acid analysis of Hamburg
(Hamburg, 1966), assuming a molecular weight of
39,000.
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The latter value agrees with the result obtained by Tanford
and coworkers for chymotrypsinogen A in 6 M GuHC1l contain-

ing 0.1 M mercaptoethanol (Tanford, 1967). If the calcu-
lated number of residues per chain for LADH are corrected

for the apparent conformational change due to different

GuHCl1l concentrations, the molecular weight of LADH in 5 M
GuHC1 would be about 40,000. From sedimentation equilibrium,
sedimentation velocity, and viscosity data, the molecular
weight of LADH in 5 M GuHCl is between 40,000 and 45,000,

Thus from three criteria, LADH has a structure composed of

two subunits.
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APPENDIX

FORTRAN Programs for Calculations

Programs 1 and 2 are for use on an IBM 360 computer.
The other programs are for use on a Digital Equipment Company

PDP-8/S computer.

1. Sedimentation Coefficient - The first data card should

have only one number which corresponds to the number

of groups of data. For example, if five sedimentation
velocity runs were made, then the first data card should
have the number 05. The second data card should have the
ten numbers indicated in statement #12 of the program
with the format of statement #13, where CONC is the ini-
tial concentration, EN is the number of photographic
frames read, RO is the distance from the center of
rotation to the first reference hole (approximately

5.7 cm), REFH is the distance between the left and right
reference holes in the counterweight (approximately 1.6
cm), RPM is the revolutions per minute of the rotor,

VBAR is the apparent partial specific volume, VISS is

the relative viscosity of the solvent to water, DENS is
the relative density of the solvent to water, VISW 1is

the ratio of viscosity of water at the temperature of the
run to the viscosity of water at 20° C., DENW is the den-
sity of water at the temperature of the run. Following
the second data card there should be N cards each contain-

ing the four numbers indicated in statement #15 of the
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program with the format of statement #16, where T is the
time in minutes of each set of variables after the rotor
has reached the rpm of the run, ELF is the left refer-
ence line, XM is the observed position in the x direction
of the Schlieren maximum, and RT is the right reference
line. The last data card of each group should have the
three numbers indicated in statement #36 of the program
with the format of statement #37, where EL is the left
reference line, XONE is the meniscus, and R is the right
reference line. It would be best to measure these
numbers on the first and last photographic frames, then
calculate XONE minus EL of both frames to see if the
meniscus did not change. Average the R's, XONE's, and
EL's of the first and last frames for the data of this
card. If a synthetic boundary cell was used, use the
left reference line, the Schlieren maximum, and the right
reference line of the first frame for the three numbers
of this data card. Then put in the data cards of the
second group of data with one card like statement #12,

N cards like statement #15, and one card like statement
#36, and so forth until all groups of data are inserted.
Readout will be S observed, 1/S observed, S;qy,
1/S70w» the delta y's (residuals) of each set of data
for the least squares straight line plot of log radius
versus time, the standard deviation of the residuals,

the standard deviation of S,;,, the radius of the

meniscus, the radius of the Schlieren maximum in the



first frame, and the average concentration during the
run (the concentration of the plateau region at the

half time of the run).
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" FORTRAN IV G LEVEL 1, MOD O MAIN . DATE = 68219

0001

00G2
0003
0004
0005
0006
0007
0008
0009
0010
20011
0012
0013

0014
0015
0016
0017
0018
0019
0020
0021
0022
0023
0024
0025
0026
0027
0028
0029

0030

AAD Y

¢

SEDTHMENTATION COEFFICIENT T7-6-68

DIMENSION T{20)sXA{20)sY(20)+RA(20),ELF(20),XM(20)4RT(20),
1DY(20) ,DRAL20)

READ 44M

4 FORMAT(I2)

DO 6 J=1,M

SuUMT=0.0

SUMY=0.0

TY=0.0

T5Q=0.0

SDSQ=0.0

SURA=0.,0

RASQ=0.0

READ 2,CONC, ENy ROy REFH, RPMyVBARyVISS,DENS,VISW,DENW
2 FORMATI(FS543,41XsF2.041X,F3.241X,F5,4,41X,F6.1,1X,F4.4,

11Xy FO.5, 1XyF6e591X4F6.511X,F6.5)

N=EN

READ(5:+3) (T(K)ZELF{K) 4 XMIK) 4RT {K) 4 K=14 M)

3 FORMAT(F6.351X3F5,.431XsF5.441X%X3F5.4)

H=1,51982/ {RPM*RPH)

DO 5 K=lyN &
Y{K)=H*ALOG(RO+{ XM{K)=ELF{K))*REFH/{RT(K)-ELF(K)})
SUMT=T(K)+SUMT

SUMY=Y(K}+SUMY

TY=T(K}=Y {K}+TY

5 TSQ=T(K)=T{K}+TSQ

C=EN=#TSQ-SUMT#SUMT

A=(EN=*TY-SUMT=SUMY}/C

B=(TSQ* SUMY-SUMT=TY}/C

D=1.0/A

S2OW=A%V ISWxVISS# (] .0-VBAR*.,99823)/{1.0-V3AR=DENS*DENY)
G=1.0/S20W4

STANDARD DEVIATION OF RESIDUALS AND SED. COQEF.

DO 8 K=1,N

NV vI—A2TIUVYLO_ VIV
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0024
0025
0026
0027
0028
0029

0030
0031
0032
0033
0034
0035

0036
0037
0038

0039
0040

041

0042
2043
0044

00645
004¢
0047
0048
6049
0050
0051
0052
0053
0054
0055
0C5¢6
0057
0058
0059
0060

20

12

10

11

21

C=EN#TSQ-SUMT#SUMT
A=(EN*TY-SUMT=SUMY )} /C

B=(TSQ* SUMY-SUMT*TY}/C

D=1.0/A

S2OW=AXV ISW*VISS*(]1 ,0-VBAR*,99823)/(1.0-V3AR%DENSHDENY)
G=1.0/S520W4

STANDARD DEVIATION OF RESIDUALS AND SED. COEF.
DO 8 K=1,N

DY(K)=A=T(K)+B-Y(K)
SDSQ=DY(K)*DY(K)+SDSQ

SY=SQRT(SDSQ/ (EN-1.0))

F=C#=({EN-2.0)

SA=SQRT(EN*SDSQ/F)*S20W /A

READ 20 ,EL,XONE,R
FORMAT(FS5.4,1X4F5.4,1X,F5.4)

AVRA=RO+ (XONE-EL I*REFH/ (R-EL)
RB=RO+{XM(L)Y-ELF({1))=REFH/ (RT(L)-ELF(1))
AVER=EXP (A*T{N) /H+B /H)
AVEC=CONC®AVRAX®AVRA/ (AVER*AVER)

PRINT 1

FORMAT(T3,*SEDIMENTATION COEFFICIENT',/)
PRINT T44,0 ’

FORMATAT3, ' SOR=*yT8,EL5.79yT24401/50B=%,T31,E15.7,/)
PRINT 12,S20W,G
FORMAT(T3,'S204="4T9,E15.7,4725,'1/S20W=",T33,E15.7,/)
WRITE(6,9) (DY (K),K=1,N)

FORMAT(T3,*DELTA Y=',T12,E15.7,/)

PRINT 10,SY

FORMATI(T3,*SD OF Y=',T12,E15.7,/)

PRINT 11,SA

FORMAT(T3,'SD OF S20W=',T15,F15.7,/7)

PRINT 21 4AVRA,RB

FORMATIT 3, 'RA=1, T7,E15.74T234'R1=",T274,E15,7,/)
PRINT 164y AVEC

FORMAT(T3,* AVE CONC="',T134E15.7,//)

CONTINUE

STOP

END
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4 Average Molecular Weight From Sedimentation

Equilibrium - After sedimentation equilibrium.has been

reached and the Schlieren optical system has been
photographed, read a frame having gﬁod contrast by a
microcomparator. That is, place the photographic frame
on the table of the microcomparator so that the reference
lines are parallel to the y direction. Read the x posi-
tion of the left and the right reference lines. Then
read the solvent line and the solution line at 0.04 cm
intervals in the x direction from meniscus to cell bottom.
Each set of numbers will correspond to x, yo, and y in
the program. There should be about 20 sets of these
numbers for a column of 4 mm. Two adjacent sets will be
eqﬁivalent to one trapezoid. The total number of trape-
zoids will be the number of sets plus one if the meniscus
and cell bottom are included.

The first data card shlould have only one number
which corresponds to the number cof groups of data. For
example, if five frames were read each giving about 20
sets of x, yo, and y, then the first data card should
have the number 05. The second data card should have
the eight numbers indicated in statement #6 of the pro-
gram with the format of statement #7, where N is the num-
ber of trapezoids plus one, CO is the initial concen-
tration, ELF is the left reference line, RT is the right

reference line, REFH is the distance between reference
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holes in the counterbalance (approximately 1.6 cm), VBAR
is apparent partial specific volume, RPM is the revolu-
tions per minute of the rotor, and T is the absolute
temperature. Following the second data card there should
be N cards each containing the four numbers indicated in
statement #8 of the program with the format of statement
#9 (D is the solvent density of each trapezoid which 1is
usually constant). The second group of data will follow
the N'th card where its first card has the eight numbers
described on statement #6 of the program followed by N
cards as described on statement #8 of the program and so
forth until all groups of data are inserted.

Readout will be concentration, % ave. M.W., and reci-
procal square root of Z ave. M.W. for each trapezoid.

The following equations are used in the calculations,
where r is radius, n 1s index of refraction, M is mole-
cular weight, o is density of solvent, w 1s the angular
velocity, R is the gas constant, T is absolute tempera-
ture, €, is initial concentration, c is concentration of

each trapezoid, A is area of trapezoid, T

a and ry, are

meniscus and cell bottom respectively.

pln (1/t * dn/dr) = M (1 - ¥V p) w’
pr? 2 RT
: 2
L (rb - ré)
C =
b

I [A - a(r?))
a



JRTRAN IV G LEVEL

2001
9002
3003
2004
3005
3006
Y007
3008
5009
Y010
5011
)Q12
)O13
3014
1015
1016
1017
1018
1019
1020
1021
1022
023
024
025
026
027
028
029
030
031

c

6

7

8

1, MGD O MAIN DATE = 68236 : 10/35/741
Z AVE My 8-2C-68 . .
DIMENSIUN X(50),Y0(50),Y(50),0(50),AR(50),2A(50),2ZR{50),C(50)
REAC(5,1) M

FGRMATI(IZ2)

DO 2 Jd=1,M

SARS=0.0

READ(543) NyCOsELF,RTyREFHVBAR RPM,T

FURMAT (121X F5 439 1X FS5.0 31X sF54431XaF5:6491X9F40441X3F60131Xy3F5.2)
READ(534) (X{K)YsYO(K),Y(K),D{K), ,K=1,N)
FURMAT(FS.IPle1F4.31IX1F4.311X,F5.4)

F=(RT-ELF)/REFH

A={T%1.51684E+10)/ (RPM*RPM)

L=N-1

DU 5 K=1,L

R1=(X(K)—ELF)/F+5.7

R2=(X(K+1)-ELF)/F+5.7

DRSQ=R2%R2=-R1*R1

ELN1=ALUG((Y{K)=-YO(K}}/R])

ELN2=ALOG({Y(K+1)-YO(K+1))/R2)
ZA(K)=(ELN2-ELNL)*A/ ({1 .0-VBAR*D(K) )*DRSQ)
ZR(K)=1.0/SCRT(ZAIK)) ,
AR(K)=(Y{(K)=YO(K)+Y{(K+1)I-YO(K+1)}/20%{ X{K+1)-X(K))/F
SARS=SARS+AR(K)*DRSG

RA=(X{1)-ELF)/F+5.7

RB=(X{N)—ELF)/F+5.7

8=CO0%*{RB*RB-RA*RA)/SARS

DO 6 K=1,L

C(K)=B%AR({K)

WRITE(6,7)

FORMAT(T3,'Z AVE MOLECULAR WEIGHT!',/)

WRITE{6,8) (CLK)ZALK)»ZR(K)sK=1,L)
FURMAT(TS,9CONC="yT94EL547,T725, " LAMW=*yT31,EL15.7,T47,'IRSR=",

1T53,E15.7,/)

2

CONTINUE
STOP
END

16
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-

3. Standard Deviation - The average and standard deviation

can be determined for up to 50 numbers by the following
equation.

I S O S AV C P

Enter n, then the numbers.
Readout will be the average and standard deviation,

then each number with its deviation from the average.



P

?

C:STANDIARD NSV IATION PROGRAM 2-246-68
DIMTNS IONX (57 ) . . o .
L3FORMAT (/5""STANDARD DEVIATION PRQGRAM' /)
25F0RMAT ("MENTER N, THZMN THE NIJMIERS" /)

33 CRMAT (/)

A;FORMAT (R

SMX=Y 9

X390 =3 .3

TY?E 1 .

TYPE2 .

ACCEPTA4L,EN

N=ZN .,

DOSK=1sN

TY?E3Z ..

ACCERTA, X(KY

SHMX=X(KI+SUMX .

XEA=X(K) =K (K I+ X3

S3CONT INIE

AVEX=SUNMX/EN . L. S
SN =SATF C (RS =SUMX%SIUMX/ENI/Z (EN=1 «T )
TYPEGAVEX,SD | . e T
63FORMVAT (/5 AVE NUM=" ,E,"'SD=" ,E,)
T3F0RIAT (/" NUNM=" LE,L'"'D=",E,

DOGK=1 LN  _ ~

D=R(K)Y=AVEX

TY?ET »X(KX3,D

gsCONT INJE

STO?

END

€6
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Least Squares Stralght Line - The calculation of slope

and intercept (A and B in the equation y = Ax + B) can
be determined by the least squares method for up to 70
points.

Enter the number of points (N), then each x and

Readout will be the slope and intercept, then the
individual x's and y's with'their AY's (the distance
between entered y and calculated y for each x), then the
average deviation of y based on the equation:

- 1/2
o ='{[Z(Ay)§ - r(ay);  or(ay)i/nl/(n7h)) / ,

then the standard deviation of A and B.



p

C;LEAST .SAUARES STRAJGHT LINE K 5-23-=68
C;CALCHLATION FO SLOPE AND  INTERCEPT.
13FORMAT (/" LEAST SAUJARES STRAIGHT LINE",/)
23F0MAT C"ENTER Ny, THEN X, Y',»/)
3;F0MAT ¢/

437 0ORNMAT (E) , e
S5FORMAT (/5" A" HE"IB="E,/)

DIMENSION X(793),Y(T79)

113SUMX=7 7

SUMY =D o3

XY=3..7

KN =7 0

SDSN =79

TYPE 1

TYPE2 .

ACCERPT4,EN

N=EN .

DOéK'::l »N

TYRPES .. .

ACCERPTA, Y% (KY> Y (K)

SUMKX=XK (K +S1JHK

SUMY =Y (K)+SHMY

XY =K (K)*xY (K)+XY | .

K3 =X (KY =X (KY+XSA

63CONT INUS .

C=EN®XSN =SIMAXSYMX

A= (TN=XY=SUMX%SHMY ) /C

R= (X530 *SMY=SUMX%xXY)/C

TYPES,A LB

C; CALCULATION OF STANDARD DEVIATION OF A AND !

DO7K=1,N :

DY=A =X (K)+3 =Y (K) .

TYPEE,X(KILY (KDY | |, R .
BsFORMAT (/" X=" L EL"Y="LEL"DY=",E,)
SDSA=DY*DY+SDSA

T3CONT INUE .

SY=SATE (SNSA/(EN~1.9))

TYPE9,SY



TYPEE,X(KILY (KDY | |, R .
BsFORMAT (/" X=" L EL"Y="LEL"DY=",E,)
SDSA=DY*DY+SDSA

s
73CONT INUE v
SY=SATF (SNSA/ (TN~ “1.9)) )

TYPE9,SY

9,rO?WQn(/,"SIFMA oF Y'”:E;)

N=Cx(EN-2.7) .

SASSATF (TN%SD)SN/D )

S3=SATF (XSN*SDSA/D)

TYPELT »,SA-S3 . .
173FQRMAT (/LS IGMA OF A-";E;"SIPMA OF B‘",E;//)
GOTO11

END

LFEAST SAIARES STRAIGHT LINE

ENTER N, THEN X, Y

12 .. . .. ’

Te13 174
246 .1 89,
5-51 .1.7_3
1.85.
172
1.82
L«58
1.7

. [ ]
"‘_‘-‘D\n\)a\
LS 2P )

L]
Y
[¥2]
—
L]
«
R}

91.66 . PRI .
-3 37679535 ~1 R +0.1943911+1

Do\wm.\n\)bw

i e

%240 o T1 375G E +1, Y=+ 1747905 41

A=+7 2A0905E+1
A=43 .5517930E +1,
K=47 267500 +1,
Y=+ <4220 7E +1,
X=4 2R+,
A=+F « 71390 E+1,

Y=+7 . 1.89799RK +1,
Y=+2 173900 E+1

Y=+5 1859905 +1,

Y=+3 . 172799 R +1
Y=4T7 1820395 +1,
Y=+7 . 1A8953E+],

DY==7 64214651,

NDY==M+438532E-1
DY=+9.6713375=2

NY=-7.386224K-2

NY=+% 65215471
NY=+7 26135451

DY=-7421 71352

K=+T « Q1 70T +1, Y=+% « LTIV E +1, NY=+7.494899E-1,
V—+J-31%737~+L Y=47 .1,869997 +1, DY=-2.5582815~1,
X=43 « 69790975 L V=42 166393 E+1 DY=+3 +244326E~1
SiG¥A OR Y= +2 4374767-1 . e e e
SIGHMA OF A=+7813431E=2 SIGMA OF Bz=+J.411859E~-1

T T AT AR LD AT PRI AGT
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Area by the Trapezoid Rule - For integration purposes,

the area, A, under a curve, F(Xx), can be determined by
dividing this region into trapezoids, determining the

area of each, and then adding up the individual areas.

n-1
A= .21 [(Yi+1 *yi)/Z-yol  [xy41 - xj)
1=
Yi+1
y 1 . B -
F(x) - —
Yo
X3 Xi+1

In this program, up to a hundred trapezoids can be
added by entering the xj, Xj+1, Yo, Yi» and ;.1 of
each trapezoid.

Readout 1is A5 and ZAi.



C:AREA BY THE TRAPEZOID RULE 2+-28-68

SUHA=T T

TYPEL . e ]
1:?0??1\'{'(/;"#\"\’&.#\ BY TRAPEZOID RULE" .,/
TYPEZ ) e e e e e e
23FORMAT (MENTER X1,X2,Y2,Y1,Y2",/)
33FORMAT CE)

DO/-}\ 1)1 .

A(‘CFPK 3J~<1!x9)Y{73Y1)Y9
A=(((Y12Y2)/2.0=YD )% (X2=X1)

S =a +StiMa

TYPES »A SN,

S3FORMAT (/)"A_")EJ..QA-.'JEJ/)

4;CONT INUE

STQ?

END

/—‘QF-‘A BY °A°°‘ZOIQ R’JLE

ENTER Xl 2X2,Y0aY1 Y2

1.2.0.3 4., . e e e e e

A=+7 .359759E +1 QA=+0 «3590UDDE +1

2.3.9.4.5.

A=+J « 455 ’J’J +l QA=+0 «EIBDGDE+1 ~

LG
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Calculator Program - If constant, first number, and

second number are

1, and 2 respectively, then the

following operation symbols will give the following

readout.

Operation Symbol

1
2

10

Readout
sum and cumulative sum
product and quotient
C x prod. and C x quot.
Cx1and C x 2
1/C and 2/C
Log 1 and Log 2
Sq. root 1 and Sq. root 2
sine 1 and sine 2
cosine 1 and cosine 2

exponential 1 and exponential 2



P e e e e .

" CoJALCULATOR PROGRAM 4-6-68

ASUM=T .0

TYPZ12

IQJF‘Q}TAT(/:"CALCULATOQ PQOGQAM":/)

TYPELS . .

135;F 03 MAT ("ENTE‘? CON‘;TANT; THEN TWO NI“VBE:RS AND ODERATION SYT’?OU':/)

143F0RMAT (ED

ACCERT14.,C

TYPELS

153F0ORMAT (/)

163ACCEP.T14,A,8

AGCEPT!1 ,MODE

11 3FORMATCIY _ .

GOTO0(1.,2,3,455,6, 7'8:9 l@):MODE

1;SUM=8+3 .

QSUM=AST)M+SUN .

TYI’F'17:SU 1,QSyM . e e s .

FEQREAT (/,SUM="LEL"'QASUM=" ,EL» /)

GQTOI/..

2;PROD=Ax3

QUOT=A/3 . . .

TYPEL SbPROD, OUOT . . .-

183 FQ?"V\T(/:"PROD"":E:"QUOJ "")E)/)

GOTO1l6..

33CPRO=C =A%

CAUO=C +A /B ..

TYPE19,CPRO,LCA1IQ .

19:F Q?FAT(/a"CXPQOD"':E:"CXOUOT“":E:/)

GOTO1 6.

A3;C XA =C *A

CR3=C %3

TYPEQ’J,CXA..CX‘B .

23 3FQRMAT (/,"C X1 -";E;"CXQ-",E;/)

GOTO16..

S;QUAC=A/C

QU3C=3/C . .-

T\(?E91:OUI\C.’")U3C . .
Q?P"\T(/:"l/C"'"JEJ"Q/C'")E:/)

GOTOIG .

6;ELNA = LO("I' (A)

ELN3=LOGF (3 .

TYPE :ELNA)EL"B ; .

- st AN e i , N\

66



TY2?ET 7 sSUMaudY® .. . L. . .
173FQRMAT (/5" SUM=" LEL"ASUM=" ,E»/)
GOTO1 64 ..
2;PROD=A%3
QUOT=A/3 . .
TYPELC PRO');OUOT . . .-
183F QR ’MT(/:"PROD"'";E:"QUOJ "";E;/)
GOTO1l6..
33CPRO=C=A%8
GHVO=C+A /B .-
TYPE19,CPRO,,CAO . _.
19:F Q?FAT(/a"CXPQOD"':E:"CXOUOT"":E:/)
GOTO1 6.
A;CXA=C*A
Cx3=Cx3 .
TYPE23,C¥A, C)G
293 FQQFAT(/;"CXI "";Eo"CXQ"":E;/)
GOTO16..
53QUAC=A/C
QU3C=83/C . .
T\(PE91:0U1\C."')U3C .
FQ?("’\T(/:"l/C""JEJ"Z/C"';E:/)
GOTOIG .
6;ELNA= LOGI' (A)
ELN3=LOGFR (3 _.
TYPE22 ,ELNALELNS | ; . ;
22 3F QR VAT (/a"LOGl "':E:"LOGZ'—'":E:/)
GOTOl16.. .
13 S'JRA.S'NF(A)
SARB =[5ATF (3 .. .
TY?.E23,S7RA LS ")QR
D3 3FQRUAT (/5" SART 1"":E;"SQRT 2"":E;/)
GOTO014 .
8;@1\3\—31\ F A
SIN3 =S INF (3)
TY"c.Dé:SI\‘A:gIN'B
SFQRMAT (/.S INE 1‘":E:"SIN"' 2"":5:1/)
GOTOlo .
9;C05A=C0S7 (A)
OS2 =CCSF (3) .
TYPE24,C05A,C053 -
2437 QR AT ¢/,"C0S 1'")EJ"COS 2"":E'/)
GOT.016 .. .
1330 PASEAPF (A)D
EXPR=ERRPF(3) .
TY’-’_?S::.X?A;EVDB

25 3FQRIAT (/,"EXPL =" B, EXP2=" 45 /)

cNTN A

66




CQLCULATOR P?QGRAM

ENTER CONSTANT.,» THEN fUO NUNBéRS AND OPERATIOV SYMBOL

3

121, T,

SM= +e 390930E+1  OSUM=+3 .393030E +1
s SARRAOENT  ASONIH0 . eIROAREST

;'% i+@ 2AGIGOE+1 QUOT =+8 +53333GE +3
CIRRODE A 60AIGOEST  CRAOTEwh . 53005 E sl
é1%¥jd 333930E +1 CX2=47 J62230FE+1

} §=Sa 333333E+7 2/C=43 +66666TE+D

Rt o43 AINIAFESD  LOGELHE u5 PRI ATE
éd§T71—+3.10z0105+1 SART 2=43.141421E+1
;i§281 =49 . 841 4T0E +3 SINE 2=-7.93 92 97E +3
éog f”+e SAD3NRE+D  COS 2=-0.416146E+7
ékgxiiz 271E28E+1©  EXP2=40 7389965 +1

00T
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Apparent Partial Specific Volume - The pycnometric

calculation of v is by the following equation where o
and p are the densities of solvent and solution respec-

tively, and ¢ is concentration in mg/ml.

v = 1/py - 1000/c [1/pg - 1/p]

Enter concentration, gms of solvent, mls of
solvent, gms of solution, and mls of solution.

Readout is o,, o , and V.



P
C;APPARENT SPECIFIC VOLUME 4-6-68"
TYPE 1 .

,FO?MAT(/;"APPAREVT SPECIFIC VOLUMV":/)
TYPE? . oo . .. .
2,FORMAT ("ENTER CONC» GMI» MLZ » GM» ML",/)
T3TYRES .
43FORMAT(EY | _
3;F0RIMAT ¢ DATA ) | .

ACCERPT 4,CONC,GMO,V0L0,GM, VOL

RHOQ =G0/ 0LO

RHO=GM/VOL

TYPESL,RHCO,RHO ..

S3FEOR VQT(/a"RHO?‘T;E;“RHO"";F,/)

PHI=] «2/3H00-C1029 «3/CONCI*(1 3 /RHOO~ I.@/QHO)
TYPEG,PHI }

6;FO?5AT("PHI“"aF /)

GOTO7

END

ASPARENT SPECIFIC VOLUMS

SNTER CONC: GMI 2 MLD _o.GM, ML L.
DATA 174664 33245 .3.99797.3+3393 3 29817
BHOY.Z+7 « 1273435 +1 RHO=+73 « 19 TA92E+1
PHIZ1763716S+) _ . _.. .

DATA 37 .64 33267 .3+99397. 343715 .3.29867
RHOD.240 £ 1713485 +1 RHO=+3 «137513E +1
PHI=47 «T445465+7

DATA ¢

0T
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R square and 1ln (y/R) from Sedimentation Equilibrium -

Enter two identification numbers (e.g. date and concen-
tration of sample), then the observed left reference
line (EL), the magnification factor (Rt-EL/1.6), then

observed x, Yo and y from Schlieren readout.

Y4
V3
Y2
Y1
+ — —t —— “ Yo
- X1 ) X3 X4

The typeout will be 1n (y/R) and Rz.



UQ;FO?“\T(/;"MI-ZAVG LQfM';/)

191 ;FORMAT C*TO CALC LOGERSA, ENTER DATE,CONC,FL, Fo XsY0,Y":27)

1383503 AT ¢C"DATA: ')
193 5;FCOR VAT C(E)

1043F0HAT (/,7LOG= **,E,"RSA= “,E,/) _ ~ L

JTYRE 194
. L3TY2E 191
13S3TYPE 192 . . - .
.. JACCERT 193, DATE, CONC, EL, F
106 ACCEPT 193, X» Y0a. Y
5. B= (X=ELY/F + S5.79
JSLOG=LOSF C(Y=-Y0)/R)

5RSO=RE¥2 .. , i
_3TY?E 184, ALOG, RS? : L "
1985TYPE 192 L
3GO0 TO 196
SEND )
/ »

vOT
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9. Z Average Molecular Weight from Sedimentation Equilibrium

(Constant Solvent Density) - (NOTE: The program for

varying solvent density is the same as the program
below except that the density of each trapezoid 1is
entered as a variable).

After sedimentation equilibrium ha} beenw;ééched,
and the Schlieren optical system has been photographed,
read a frame having good coﬁ??a;£ by a microcomparator.
At observed intervals of 0.04 cm in the radial direction
from meniscus to cell bottom, read both the solvent line
and the solution line. These three numbers will corres-
pond to x, y,, and y in the program. There should be
about 20 sets of these numbers for a column of 4 mm. Two
adjacent sets will be equivalent to one trapezoid. The

total number of trapezoids will be the number of sets

plus one if the meniscus and cell bottom are included.

+« cell
bottom

meniscus

o
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Into the program, enter the following constants:
the number of trapezoids (N), the macromolecular concen-
tration, the left reference line (LF), the meniscus (XA),
the cell bottom (XB), the distance between reference
holes in the counter weight which is approximately 1.6
cm (REFH), v (VBAR), solvent density (D), the rpm (RPM),
and absolute temperature (T). Then enter the variables
for each trapezoid including the first and last trape-
zoids formed by the meniscus and the cell bottom. These

1

variables must be entered in the form x., x;,7, Yor Yi»

Yie1- Then the program will loop for X, X

+1° *i+20 Yoo
Yi+ls Y42 and so forth until N trapezoids are entered.

Readout after each loop will be 2 ave. M.W., reci-
procal sq. root of Z ave, M.W., and the area of the
trapezoid (A). At the end of the program a constant
(D) will be printed out which when multiplied by the area
of each loop (each trapezoid) will give the macromolecu-
lar concentration of each trapezoid. Thus molecular
welght versus céncentration can be plotted for extra-
polation to zero concentration. |

The following equations are used in the calcula-
tions, where r is radius, n is index of refraction, M is
molecular weight, ¢ is density of solvent, w is the angu-
lar velocity, R is gas constant, T is absolute tempera-
ture, s is initial concentration, c is concentration of

each trapezoid, A is area of trapezoid, L and T, are

meniscus and cell bottom respectively.
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aln (1/1 ° dn/dr) = M(1-Vp)w? .
Arz 2 RT
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j=

G370 (variable solvent density)

SARS =7 .9

TY?E1

13FORMAT (/L7 AVERAGRR MU, /)

TY?®2 , , ,
23 F0RMAT ("MENTER NLOONGLLF, XA, X3 ,RT,REFH,URAR ,RPM, T , /)
TY?E] .

A3FORMAT C'THIN X1, X2,Y2,Y1,Y2,0',/)

A3FORMAT () . S
ACCERT4,ENL,CONGLELR 5 XA, X3 ,RT ,REFH,V3AR,REM,T

=T #1 «S51ABAS+17 )/ (RPMKR2M)

N=FN

F=(RT=ELFI/IETH

nooK=t,N <

TYPZS _

S3TOIMAT (/,"NATA ")

ATGEPT ALY ,¥2,Y7, Y1 5Y2,0

RN =(¥1-EL7)/F+5.7

R2 = (X2 =ELF)/7+5.7

NRSI =2 432 =31 471 .

TLN1 =LOAF (Y1 =YT)/R1) "
ELN2 =LNRF ((Y2=Y1)/22) . .
7AMH = (CTLN2 =ZLN1 ) %0 )/ ( (1 .3 =134 %D ) *DR5I))
RAR =147 /50TF (74M) _
AZCCYL+Y2)/2.03=YT )% (X2 =X1 I /F

TY2E7, 74M1, 7353 ,4 | , A
T3TORMAT (/5" ZAMI =" 58, ZAMIRSR=" L5, 4= ,8,)
SARS =S435 +4 DS

930 ONT IS

RAS(XA=SLF)Y/F45.7

RI=(XZ=ELF)I/F45.7

N=T0NT % (RF 43 =4 %34 ) /3435

TY?T11,0 |

11 5S0RMAT €/, N =" ,%,)

<N

60T



110

BIBLIOGRAPHY

Adams, E. T. (1967), Fractions, No. 3, 1, Beckman-Spinco.
Akeson, A. (1964), Biochem. Biophys. Res Commun., 17, 211.
Baird, D. C. (1962), Experimentation, Prentice-Hall, Inc.,
Englewood Cliffs, New Jersey.
Blomquist, C. II., Smith, D. A., and Martinez, A. M. (19¢7),
Arch. Biochem. Biophys., 122, 248.
Bonnichsen, R. K., and Wassen, A. M. (1948), Arch. Biochem.
Biophys., 18, 361.
Branden, C. I. (1965), Arch. Biochem. Biophys., 112,
215.
Castillino, F. J., and Barker, R. (1968), Biochemistry, 7,
2207.
Cheng, L. Y., McKinley-McKee, J. S., Greenwood, C. T.,
and Hourston, D. J. (1968), Biochem. Biophys. Res.
Commun., 31, 761.
Cleland, W. W. (1964), Biochemistry, 3, 480.
Creeth, J. M. (1967), Progress in Biophysics, 17, 217.
Dalziel, K. (1962), Biochem. J., 84, 244.
Dewar, M. J. S., and Paoloni, L. (1957), Trans. Faraday
Soc., 53, 261.
Drum, D. E., ltarrison, J. H., Li, T. K., Bethune, J. L.,
and Vallee, B. L. (1967), Proc. Natl. Acad. Sci.,

57, 1434,



111

Druyan, R., and Vallee, B. L. (1964), Biochemistry, 3,
944.

Eadie, G. S. (1952), Science, 116, 688.

Ehrenberg, A. (1957), Acta Chem. Scand., 11, 1257.

Ehrenberg, A. and Dalziel, XK. (1958), Acta Chem. Scand.,
12, 465.
Flory, J. F. (1953), Principles of Polymer Chemistry;
Cornell University Press, New York, page 310.
Hamburg, R. D. (1966), Thesis, University of California,
Berkeley.

Harris, J. I. (1964), Nature, 203, 30.

Hexner, P. E., Radford, L. E., and Beams, J. W. (1961),
Proc. Natl. Acad. Sci., 47, 1848.

Huggins, M. L. (1942), J. Am. Chem. Soc., 64, 2716.

Joly, M. (1965), A Physico-Chemical Approach to the
Denaturation of Proteins, Academic Press, London and
New York.

Kegeles, G., and Gutter, F. J. (1951), J. Am. Chem. Soc.,
73, 3770.

Kielley, W. W., and Harrington, W. F. (1960), Biochim.
Biophys. Acta, 41, 401.

Li, T. K., and Vallee, B. L. (1964), Biochemistry, 3, 869.

Lineweaver, H., and Burk, D, (1934), J. Am. Chem. Soc.,
56, 658.

Lamm, 0. (1929), Arkiv. Mat. Astron. Fysik., 21B, No. 2



112

Marler, E., Nelson, C. A., and Tanford, C. (1964), Bio-
chemistry, 3, 279.

McKinley-McKee, J. S. (1964), Progress in Biophysics, 14,
225,

McKay, R. H. (1962), Unpublished results.

Monod, J., Changeux, J. P., and Jacob, F. (1963), J.
Molecular Biol., 6, 306.

Oppenheimer, H. L., Green, R. W., and McKay, R. H. (1967),
Arch. Biochem. Biophys., 119, 552.

Piette, L. H., and Rabold, G. P. (1967), Magnetic Resonance
in Biological Systems, Pergamon Press, Oxford and
New York, page 351.

Reithel, F. J., and Sakura, J. D. (1963), J. Phys. Chem.,
67, 2497.

Schachman, H. K. (1957), Methods in Enzymology, (Edited
by Colowick, S. P., and Kaplan, N. 0.), Volume IV,
Academic Press, New York, page 55.

Schwert, G. W. (1951), J. Biol. Chem., 190, 799.

Seery, V. L., Fischer, E. H., and Teller, D. C. (1967),
Biochemistry, 6, 3315.

Sigman, D. S. (1967), J. Biol. Chem., 242, 3815.

Sund, H., and Theorell, H. (1963), The Enzymes, 2nd Edi-
tion (Edited by Boyer, P. D., Lardy, H., and Myrback,
K.), Academic Press, New York, London, 7, 25.

Tanford, C., Kawahara, K., and Lapanje, S. (1967), J. Am.
Chem. Soc., 89, 729.



113

Theorell, H., and Chance, B. (1951), Acta Chem. Scand.,
5, 1127.

Theorell, H., and Bonnichsen, R. K. (1951), Acta Chem.
Scand., 5, 1105.

Theorell, H. (1967), The Harvey Lectures, 61, 17.

Vallee, B. L., and Coombs, T. L. (1959), J. Biol. Chem.
234, 2616.

Vallee, B. L., Williams R. J. P., and Hoch, F. L. (1959),
J. Biol. Chem., 234, 2621,

Van Holde, K. E. (1967), Fraction, No. 1, 1, Beckman-Spinco.

Witter, A. (1960), Acta Chem. Scand., 14, 1717.

Woods, E. F., Himmelfarb, S., and Harrington, W. F. (1963),
J. Biol. Chem. 238, 2374.

Yonetani, T. (1963), Biochem. Z., 338, 300.

Sund, H., and Weber, H. (1966), Agnew. Chem. Internat. Edit.
5, 231.





