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Nucleoside Triphosphate-Nucleoside Diphosphate 
Transphosphorylase (Nucleoside Diphosphokinase ) . 11. Physical 
Properties of the Crystalline Enzyme from Brewers’ Yeast” 

Robert H. Yue, Robert L. Ratliff,t and Stephen A. Kuby 

ABSTRACT: Several physical properties of the crystalline 
nucleoside diphosphokinase from yeast have been ex- 
plored over a wide range of conditions: these in- 
clude its sedimentation velocity, sedimentation equilib- 
rium, translational diffusion, and electrophoretic be- 
havior. No evidence for any gross heterogeneity in the 
protein preparation was found by these techniques. The 
observed sedimentation coefficients (at pH values from 
5.6 to 7.9 at 3”) are a function of the protein concentra- 
tion, whereas the diffusion coefficients show only a slight 
dependency. The measured weight-average molecular 
weights by “approach to equilibrium” and by true sedi- 
mentation equilibrium techniques are also concentration 
dependent. By suitable extrapolations to infinite dilu- 
tion, satisfactory agreement in molecular weights 

T ke isolation of the crystalline enzyme, nucleoside tri- 
phosphate-nucleoside diphosphate transphosphorylase 
(nucleoside diphosphokinase), from brewers’ yeast was 
reported in the first paper (Ratliff et ai., 1964) of this 
series. Since that time there appear to have been addi- 
tional efforts to purify this enzyme from other sources 
including calf thymus (Nakamura and Sugino, 1966) 
and human erythrocytes (Mourad and Parks, 1966). 
However, although some kinetic studies (Mourad and 
Parks, 1966; Nakamura and Sugino, 1966) and sub- 
strate specificity studies on several preparations from 
different sources have been reported (Chiga and Plaut, 
1962; Chiga et ai., 1963; Ratliff et ai., 1964; Nakamura 
and Sugino, 1966; Mourad and Parks, 1966; Goffeau 
et ai., 1967) and although a phosphorylated protein has 
been implicated as an catalytically active intermediate in 
partially purified preparations (Mourad and Parks, 
1965; Norman ef ul. ,  1965), there are apparently no re- 
ported systematic studies on the physicochemical prop- 
erties nor on the homogeneity of these several prepara- 
tions (for a review, consult also Weaver, 1962). 

(k., Ms,D and MequjJ are obtained and a value of 102,000 
i: 2000 g/mole (at zero protein concentration) is taken 
as the best value for its kinetic unit. A positive second 
virial coefficient could be estimated from the limiting 
slopes of l /Mv~p,,  us. C,, ciz., 5 x mole ml/g2 at 
pH 5.9, 0.16 (I’/2), 3”. Electrophoretic mobilities as a 
function of pH at several fixed ionic strengths show a 
significant influence of ionic strength on the apparent 
isoelectric state. The hypothetical isoelectric point at 
zero ionic strength is estimated to be ca. pH 8.0. A 
plausible model for this protein is suggested and a num- 
ber of physical properties are summarized, e.g., values 
of s:o,w and Dto,w for pH 5.6 (the apparent isoelectric 
point at (F/2) = 0.15) are 5.67 X sec and 5.63 
x 10-7 cm2/sec, respectively. 

This report will deal in particular with an investigation 
of some physical properties of the isolated crystalline 
enzyme protein from yeast; a preliminary report of this 
work has been given elsewhere (Yue et ai., 1965). Later 
studies will be concerned with an elucidation of its sub- 
unit structure and amino acid composition; and finally 
it is hoped to provide a comparison of its physical and 
chemical properties and of its catalyzed reaction with 
two other types of ATP transphosphorylases2 (ATP- 
AMP transphosphorylase (Noda and Kuby, 1957) and 
ATP-creatine transphosphorylase (Kuby et ul., 1954)), 
which are currently under study in this laboratory, in 
order to shed some light on the basic problem of ATP 
transphosphorylation. 

Materials and Methods 

Muteriuls. Crystalline nucleoside triphosphate-nu- 
cleoside diphosphate transphosphorylase was isolated 
from brewers’ yeast by the procedure described by 
Ratliff et ai. (1964). Reagent grade Tris was of Sigma 
origin, All other reagents were the best available ana- 
lytical grade commercial products. Twice-distilled de- 
ionized water was used in the preparation of all solutions 
for the physical measurements (when necessary, any 
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FIGURE 1 : Diffusion coefficients of nucleoside triphosphate-nucleoside diphosphate transphosphorylase as a function 
of protein concentration at 3.00”. Data were obtained in both the 11-ml and 2-ml modified Tiselius cells. The con- 
centrations have been expressed in terms of Rayleigh fringes (5) across the protein boundary, corrected for differences 
in optical paths of the two cells and referred to that of the 2-ml cell. Curve I: in 0.15 M KC1-0.01 M Tris (pH 7.9); 
D3o.b = (3.34 + 0.00295) x 10-7 cmZ/sec. Curve 11: in 0.141 M KC1-0.009 M acetate, (r/2) = 0.15, pH 5.6; D’g0,b = 
(3.35 + 0.00335) X 10-7 cm2/sec. 

DifSusion. Free diffusion coefficients (0) were deter- 
mined with the use of a Spinco Model H electrophoresis 
diffusion instrument at 3.00”, with the light source 
filtered to yield 546 mp. Both the modified 11-ml 
standard electrophoresis cell and the modified 2-ml 
microelectrophoresis cell were employed. The two ex- 
tension tubes were connected by side arms (Schachman, 
1957) and the experimental procedure and method of 
boundary sharpening followed that described by Schach- 
man (1957). Diffusion coefficients were calculated from 
photographs (on metallographic plates) of the Rayleigh 
interferograms. Computations were made by the method 
of Longsworth (1952).3 The measured values of diffu- 
sion coefficient so obtained (D’meas) were then cor- 
rected for the uncertainty in the “zero time” by means 
of the expression D’,,,, = D[l + (At/t’meas)], where D 
is then 

To convert D30,b to “standard conditions,” the 
Stokes-Einstein relation was employed together with 
the use of measured values of viscosity to yield D20,w. 
Apparent weight-average molecular weights, from dif- 
fusion, sedimentation velocity (see below), and data, 
were then obtained from the Svedberg relation, M,, ,  = 
RTS/D(l - rp). Since Gosting and Morris (1949) have 
found very slight inherent errors in the Stokes-Einstein 
relation, calculations of M , , ,  were made from the 
s 3 o , l , ,  &,b,  and 3 o  sets of data, extrapolated to zero 
protein concentration (i.e., s:O,b and D:o,b). 

To extrapolate diffusion coefficients to zero concen- 
tration (DO), theoretically, the appropriate value of the 
concentration should be the site in the boundary from 
which the actual measurements are made (Gosting, 

for 3” and buffer (Longsworth, 1947). 

3 The Tables of Probability Functions employed in  the calcu- 
lation were originally obtained from the Federal Works Agency, 
Superintendent of Documents, Washington, D. C. (1941). 2924 

1956), e.g., C0/2. However, and as will be shown, the 
concentration dependency of D30 , b  values proved to be 
so slight (e.g., see below, Figure 1) that only insignifi- 
cant errors are introduced in the evaluation of D:o,b 
at zero protein concentration by the use of plots of 0 3 0 , ~  

us. the measured Rayleigh fringes (5) across the protein 
boundary. To evaluate nonideality factors, however, 
the slopes of such plots may incorporate slight errors. 

Sedimentation Velocity. Sedimentation velocities were 
measured at 3 ”  in a Spinco Model E analytical ultra- 
centrifuge, equipped with a RTIC temperature-control 
system and a phase plate as a schlieren diaphragm (the 
schlieren optical system was aligned according to Grop- 
per, 1964). Kodak metallographic plates were used to 
photograph the schlieren patterns with a Kodak 77A 
filter over the light source. Sedimentation coefficients at 
3” and buffer ( S p , b )  were calculated in the usual way 
from log x us. t plots (Schachman, 1957) and con- 
verted to szo.w values with the use of measured values 
for the densities and viscosities of buffers employed and 
values for the partial specific volume of the protein 
(Svedberg and Pedersen, 1940). The sedimentation co- 
efficient at infinite dilution was obtained by extrapola- 
tion from a plot of the apparent sedimentation coeffi- 
cients and the average boundary concentration (e.g., CJ 
Schachman, 1959; Jullander, 1945 ; Kegeles and Gutter, 
1951). 

From the treatment of Goldberg (1953) it is known 
that it is the second moment of the gradient curve which 
provides a measure of the sedimentation velocity of 
individual molecules, but for symmetrical boundaries 
without too large a degree of boundary spreading by 
diffusion (e.g., see Figure 2, below) use of the maximum 
ordinate can be justified and taken as accurate indication 
of individual particle movement in the plateau region 
(e.g., Schachman, 1959). In plots of s us. c to evaluate 
so (at c + 0) according to the Goldberg theory, the 
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FIGURE 2: Sedimentation velocity patterns of nucleoside triphosphate-nucleoside diphosphate transphosphorylase 
sedimentation proceeds to the right at 16-min intervals: 59,780 rpm at 3.0-3.5". The schlieren diaphragm (phase 
plate) angle was set at 75". (A) In 0.141 M KC1-0.009 M acetate, (r/2) = 0.15 (pH 5.6) with an initial protein concentra- 
tion of 5.70 mg/ml. (B) In 0.15 M KCI-O.01 M phosphate (K+) (PH 6.8) with an initial protein concentration of 6.92 
mg/ml. (C) In 0.15 M KCM.01 M Tris (pH 7.9) with an initial protein concentration of 5.99 mg/ml. 

appropriate value of c should therefore correspond to 
that in the plateau region: otherwise there are several 
refined methods available which permit an accurate ex- 
trapolation of s, either at zero time or for its evaluation 
during the run (e.g.. Trautman et al., 1954; Alberty, 
1954; Baldwin, 1957). One simple and practicable 
method which permits an accurate extrapolation for 
those cases where the concentration dependency is not 
unusual (provided the temperature is controlled, see be- 
low) makes use of the average concentration between 
first and last exposures during the run (e.g., Jullander, 
1945; Kegeles and Gutter, 1951; Schachman, 1959). The 
usefulness and precision of this essentially empirical 
method is to be justified in the final analyses of so (e.g., 
see below Figure 3) and However it should be 
realized that this type of plot may impart small 
errors in the estimation of nonideality coefficients if 
evaluated from the slopes of sedimentation velocity 
and diffusion data, but these coefficients are more cor- 
rectly evaluated from thermodynamic means (Schach- 
man, 19591, eg., by sedimentation equilibrium methods 
(see below). 

Ehrenberg's (1957) Adapiaiion of the Archibald Ap- 
proach io Sedimeniarion Equilibrium Procedure. All 
experiments were performed at 3.0" in a Spinco Model 

E analytical ultracentrifuge using schlieren optics. A 
single-sector synthetic boundary cell of the valve type 
and 12-mm optical path was employed. The experi- 
mental procedure followed that described by Ehrenberg 
(1957), with slight modifications. The cell was filled with 
400 p1 of protein solution and the approach to sedimen- 
tation equilibrium was performed. Photographs were 
taken at 8-min intervals. The solution in the cell was 
then carefully mixed and 250 MI of buffer was added to 
the cup. The rotor was then accelerated to the equilib- 
rium speed to give Co. The cell was then emptied of its 
contents and carefully cleaned, without dismantling, 
and it was filled with 400 p l  of buffer to provide the 
appropriate base line for subsequent calculations. 
Apparent weight-average molecular weights were deter- 
mined by the Archibald (1947) equation for the menis- 
cus, Mv,, = [RT(dc/&),]/[(l - Yp)w'x,C,)], in which 
M.,.,, R, T, p, m, and F have their usual meaning and 
C,  and (dc/&), are the concentration and the concen- 
tration gradient at the meniscus position (Xd, respec- 
tively. The schlieren patterns were enlarged nine times 
and were traced on a graph paper, and the base line 
taken at the appropriate time was superimposed on it. 
The areas were then measured with a planimeter. The 
exact ordinate position of the meniscus was ascertained 2925 
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FIGURE 3: Sedimentation coefficients of nucleoside 
trip hosphate-n ucleoside diphosphate t ransphosphor- 
ylase as a function of protein concentration at 3” and 
pH 5.6, 7.9, and 6.8. Concentration at the boundary (C) 
in milligrams per milliliter is the average value between 
the beginning and the end of the experiment, as deter- 
mined by correction for the radial dilution of the sector- 
shaped cell. Curve I:  in 0.141 M KC1-0.009 M acetate, 

sec. Curve 11: in 0.15 M KCI-O.01 M Tris (pH 7.9); 
S ’ 3 9 . b  = (3.87 - 0.033~) x sec. Curve 111: in 
0.15 M KCI-O.01 M phosphate (K+) (pH 6.8); s ’ 3 0 . b  = 
(3.76 - 0.0028c - 0 .0037~~)  X 

(r/2) = 0.15 (PH 1.6); S ’ 3 0 , b  = (3.85 - 0.035~) X 

sec. 

experimentally from experiments with ribonuclease 
whose weight-average molecular weight was found to 
be 13,800 by true sedimentation equilibrium (Yue et al., 
1967). 

For experiments at various concentrations of protein, 
the values of M,,, were evaluated at the mensicus and 
correlated with their respective meniscus concen- 
trations (see below). In the Ehrenberg (1957) approach 
extrapolations to the meniscus are of sufficient accuracy, 
provided inherent optical errors are recognized (LaBar, 
1966). A plot of l/Mw.mapp us. cm provides a suitable ex- 
trapolation to c + 0 (Kegeles et al., 1957; Mueller, 
1964), in which region the activity coefficient term 
disappears. 

Sedimentation equilibrium experiments were per- 
formed also at 3’ with the use of a rotatable light source 
and Rayleigh interferometric optics (Richards and 
Schachman, 1959); the optics were aligned also ac- 
cording to Gropper (1964). A slow stream of air passed 
over the outside of the lower collimating lens to elimi- 
nate moisture condensation during periods of centrifuga- 
tion (Yphantis, 1964). The experimental procedure fol- 
lowed that described (Spinco Manual, 1964) with slight 
modifications (Yue er al., 1967). To reduce the time re- 
quired to reach sedimentation equilibrium, the rotor 
was overspeeded for a calculated period of time followed 
by reduction in speed to the desired equilibrium speed 
(Hexner et al., 1961), which was selected to provide a 2926 
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FIGURE 4: A molecular weight determination of nu- 
cleoside triphosphate-nucleoside diphosphate trans- 
phosphorylase from a sedimentation equilibrium ex- 
periment, expressed in terms of a plot of log J (log of 
the protein concentration in Rayleigh fringes) us. x 2  
(square of the distance, in centimeters squared, from the 
axis of rotation), The initial concentration of protein 
was 5.0 mg/ml in 0.0884 M KC1-0.0092 M KH2P04- 
0.0008 M K2HP0, (pH 5.9), (I’/2) = 0.100 at 3.0’. The 
protein was sedimented initially at 11,250 rpm for 3.5 
hr and then the speed was reduced to 6166 rpm. The 
time for the data given here was 39 hr after the equili- 
brium speed (6166 rpm) was reached at 3.0”, and no sig- 
nificant differences were noticed between 16.5 and 39 hr. 
A calculated value of MeQui, (or Rw) = 95,700 is ob- 
tained from these data and A?JM,,. = 1.03. For the 
lower “deviation” plot A(log J )  is the difference, at a 
given value of x2# between the least-square straight line 
and the experimental points. 

three- to fourfold ratio in (Cb/Cm), concentration at the 
cell bottom to that at the meniscus (Svedberg and 
Pedersen, 1940). The legends to the figures give the 
pertinent information. 

The apparent weight-average molecular weights at 
various positions in the cell at equilibrium, were cal- 
culated from In J,  us. x 2  plots, according to M,, = 
([2RT]/[(1 - r p ) w 2 ] }  { d(ln c,)/d(x2)} (where c, was ex- 
pressed in J ,  fringes, and the other symbols bear their 
usual meaning) ; and the mean z-average molecular 
weight for the entire cell contents was calculated from 
the limiting slopes of the In J,  us. x 2  plots at the cell 
bottom and meniscus and with the use of the equation 
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To explore the effects of the protein concentration on 
the molecular weight estimated by true sedimentation 
equilibrium runs, measurements were made over the 
comparatively narrow range permitted by this interfero- 
metric technique (ca. 1-5 mg/ml of initial protein con- 
centrations, ;.e., Co). For the most part, plots of l n J ,  us. 
xz proved to be essentially linear (e.g., see below Figure 
4, and where M w  = a,) and which appeared to justify 
the use of calculated values of the weight-average mo- 
lecular weights for the entire cell contents (i.e., R,*) in 
the evaluation of H: (;.e., at c + 0), since the trend was 
small in the dilute protein concentration range. These 
data will be summarized later in a plot designed to corre- 
late them with those values of M,,,, obtained from 
Ehrenberg runs. A suitable extrapolation to c + 0 
could be obtained when l/R, was plotted us. Co, and a 
good fit of these data could be made to all of the l / ~ @ ~ , ~  
data plotted cs. C, obtained from the Ehrenberg runs. 
Another and theoretically sound approach is that of Van 
Holde and Baldwin (1958) for a two-component non- 
ideal system, where the appropriate concentration to use 
corresponding to the weight-average molecular weight 
is that of (cb + cm)/2. However, its evaluation from the 
present data would appear to have the same relative 
degree of accuracy as that of a comparison of aw with 
R,, and the most consistent and accurate approach in 
present case appeared to be the use of l/Mw with Co 
(see below), where the limiting slope is small. 

Refractice Index Increments. Coincident with these 
studies, the Model H instrument was employed as 
Rayleigh interferometer to measure the refractive index 
increment of the protein at 546 mp. The optical path of 
the cell was determined with a sucrose solution, with 
the use of the refractive index increments estimated from 
the data of Gosting and Morris (1949) [Le., (An/Ac)so = 

1.4653 x and the following equation I = JX/ 
[c(An/Ac)] (where I is the optical path in centimeters; A, 
the wavelength in centimeters; c, the concentration in 
g/100 ml; J ,  the differential number of Rayleigh fringes; 
and (AnjAc), the refractive index increment of the solu- 
tion in (g/100 ml)-*. 

Electrophoresis. Electrophoretic (moving boundary) 
measurements were conducted in the Spinco Model H 
instrument at 1.0" with the 2-ml micro-Tiselius cell and 
schlieren optics. Solutions of protein were exhaustively 
equilibrated by dialysis 24-36 hr against buffers at 
various pH values and ionic strengths (see legend to 
Figure 5). Conductivity measurements at 0.0" were made 
on the equilibrated buffer, with the use of a Radiometer 
conductivity meter type DCM 2d and a refrigerated bath 
(Precision Scientific Instruments, Temptrol bath). The 
calculated electrophoretic mobilities are consequently 
those for 0" (Tiselius, 1937). Migration of the bound- 
aries was measured from the center line of the boundary 
with a microcomparator (Gaertner) and calculation of 
mobilities was made in the conventional manner 
(Abramson et a[., 1942; Longsworth, 1942) on the de- 
scending boundary. To minimize deviation from ideality 
and convective disturbances in the cell, relative dilute 

protein concentrations (which range 2-5 mg/ml) and 
comparatively low electric field strengths (which were 
never higher than about 4 v/cm) were employed for 0.15 
ionic strength buffers (and the 2-ml cell). "False 
boundaries" were not too pronounced on well-dialyzed 
samples and for the most part the schlieren patterns ap- 
peared enantiographic. The pH values of the buffers 
were measured at 3 " with a Radiometer pHM 22p meter, 
equipped with a scale expander type pHA and A. H. 
Thomas glass-calomel electrodes. 

Partia[ Specific Volumes. Apparent partial specific 
volumes were determined pycnometrically. The pycnom- 
eters were of the self-adjusting capillary type blown 
by Microchemical Specialties Co. according to the de- 
sign of Anderson (1948), with slight modifications 
(Yue et al., 1967). The volume of the pycnometer was 
calibrated with water and was found to be 0.96481 ml at 
3 O and 0.96506 (k 8 X 10-6) ml at 20.0". Experimental 
details for weighing the temperature-equilibrated pyc- 
nometer have been described (Yue et al., 1967). The ap- 
parent partial specific volume was calculated according 
to Kraemer (1940). 

Other Methods. Weight fractions of the protein solu- 
tions, which were required for the extinction coefficient 
and biuret factors, were determined by drying aliquots 
(at approximately 74") in tared microplatinum boats to 
constant weight in an evacuated (0.05 mm) pistol tube 
containing PzOs. Weighings were carried out to the 
nearest 0,001 mg. Ash was determined on these dried 
samples in the platinum boats by igniting in a double 
porcelain crucible over a meker burner. Aliquots of the 
dialysis fluids were subjected to the identical treatment 
(and at the same time) and the final dried weights (and 
ash) of the protein sample were determined by dif- 
ference. 

Measurements of the ultraviolet absorption spectra 
and biuret values (Gornall, 1949) were made on 
aliquots of the same protein solutions whose weight 
fractions were determined. This permitted a calculation 
of the extinction coefficients and biuret factors, which 
were then employed as secondary measures of the dry 
weight of the protein. Spectral measurements were made 
with a Beckman DU spectrophotometer. Values for the 
extinction coefficients reported here were made in 0.05 
M sodium phosphate (pH 7.00) at 25". 

Results and Discussion 

Sedimentation Velocity. Because of the large depen- 
dency of its apparent isoelectric point on ionic strength 
(to be described below), the sedimentation velocity be- 
havior was explored over the pH region of 5.6-7.9, at 
ionic strengths of ca. 0.15-0.17. Typical velocity pat- 
terns for initial protein concentration of cu. 6-7 mg/ml 
are shown in Figure 2, where the protein appears to 
sediment as a single species. 

At relatively high protein concentrations (ca. 10-12 
mg/ml, and especially in 0.15 M KC1-O.O1O M phosphate 
buffer, pH 6.8), although only a single well-defined 
symmetrical schlieren boundary is observable, careful 
examination of the base line of the schlieren pattern on 2927 
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FIGURE 5: Electrophoretic mobility of 0" of nucleoside triphosphate-nucleoside diphosphate transphosphorylase as a 
function of pH (measured at 3 ") at several ionic strengths. Lower graph: (04) 0.15 ionic strength buffers containing 
0.105-0.125 ionic strength KC1; buffers: glycine-KC1-HC1, Tris-KC1-HC1, imidazole-KC1-HC1, and potassium 
acetate-KC1-acetic acid at pH 10.25, 8.84, 7.77, 6.98, 5.61, and 4.57, respectively. (A-A) 0.050 ionic strength buf- 
fers; buffer: Tris-HC1, imidazole-HC1, and potassium acetate-acetic acid at pH 7.51, 6.69, and 5.64, respectively. 
(0--0) 0.021 ionic strength buffers; buffer: imidazole-HC1 at pH 7.37 and 6.49. (e---.) 0.15 ionic strength phos- 
phate-KC1 buffers containing 0.050 M total phosphate as pH 7.98 and 6.88. Upper graph: pl, isoelectric point, cs. 
(l?/2)"?, square root of the ionic strength. 

the trailing side of the peak shows what appears to be a 
minute elevation in the base line and which may be in- 
dicative of an interacting system (see below), since it 
disappears on dilution. The observed sedimentation co- 
efficients (at 3" and buffer) appear to decrease with an 
increase in protein concentration (Figure 3), according 
to the expressions (where C is expressed in terms of the 
average boundary concentration in milligrams per 
milliliter): at pH 5.6 (r/2 = 0.15, KC1-acetate), = 

(3.85 - 0.0352.)10-13 sec; and at pH 7.9 (0.15 M KC1- 
0.01 M Tris), = (3.87 - 0.0332.) x 10-13 sec. Under 
these two conditions, the concentration dependency is 
not unusual (cf .  the case of glucose 6-phosphate dehy- 
drogenase; Yue et al., 1967). However, in 0.01 M phos- 
phate-0.15 M KC1 (pH 6.8) the nonlinear concentration 
dependency required the use of a two-term expression 
to adequately account for all the data and to permit an 
accurate extrapolation to zero protein concentration, 
ciz., x:o,b = (3.76 - 0.0028~ - 0.0037E2)X lO-13sec. 

Extrapolation to zero protein concentration yields 2928 

values of = 3.85 and 3.87 S at pH 5.6 and 7.9, 
respectively, and 3.76 S at pH 6.8; or after correction to 
the reference states of 20" and water, of 5.67, 5.82, and 
5.58 (for pH 5.6, 7.9, and 6.8, respectively), with little 
significant differences between these values. Thus, al- 
though some evidence for nonideality effects appears to 
manifest itself in dilute phosphate buffers (0.15 M in 
KCl), there does not appear to be any unusual effect of 
pH between 5.6 and 7.9 (the former pH value being close 
to its apparent isoelectric point at this ionic strength, 
see below); but the small negative slopes at pH 5.6 and 
7.9 would not preclude weak interactions (Nichol et al., 
1964). 

Free Diffusion Studies and Molecular Weight by Sedi- 
mentation Velocity and Diffusion Measurements 
of the translational diffusion coefficients were measured 
under identical conditions of temperature, buffer species, 
and ionic strength as that employed for the sedimenta- 
tion velocity studies at pH 5.6 and 7.9. The protein ap- 
peared to diffuse as a single component, under each set 
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of conditions, and with no evidence of other protein 
components with widely differing diffusion coefficients, 
yet the concentration dependencies appeared somewhat 
abnormal. These data are summarized in Figure 1, in a 
plot of the diffusion coefficient us. J (number of Ray- 
leigh fringes) and may be fitted to the linear statistical 
relationships: D30.b = (3.34 + 0.00295) X cm2/ 
sec for pH 7.9, and D 3 0 , b  = (3.35 + 0.0033.l) X lo-’ 
cm2/sec for pH 5.6. Thus, only very slight positive slopes 
are observable in bothcases, for D30,b  us. concentration, 
and when coupled with the sedimentation velocity data 
(Figure 3) it would imply a dependency of the calcu- 
lated molecular weight with protein concentration, if 
the classical Svedberg equation (M, , ,  = RTS/[D(l - 
r p ) ] )  were employed without correction for nonideality. 
That is, a significant departure from ideality would be 
evident at high protein concentrations, if the expression 

appropriate, and if the thermodynamic term in the 
brackets were ignored (where y is the activity coefficient 
and c the concentration of protein; e.g., see Schachman, 
1959). Extrapolation to zero protein concentration 
should reduce the thermodynamic correction to zero, 
and values of D30.b of 3.34 and 3.35 X 10-7 cme/sec at 
pH 7.9 and 5.6 are obtained at infinite dilution. After 
correction to the reference states of 20’ and water, 
extrapolated values of D&w of 5.69 and 5.63 X 
cmZ/sec, respectively, are calculated and which are in 
excellent agreement with each other. (Coincidentally, 
the refractive index increment at 546 mp and 3” was 
determined under both of these conditions, viz., 1.93 X 

(g/100 ml)-l). Application then of the limiting ex- 
pression for sedimentation velocity and diffusion, to- 
gether with measured values for the apparent partial 
specific volume of the protein, gives a calculated value 
of the apparent weight-average molecular weight of 
102,200 (with an estimated uncertainty of 4=2000), at 
pH 5.6, and 103,700 (rt3000) at pH 7.9. Within their 
uncertainties (largely owing to inherent errors in extrap- 
olation) both values are identical, but the former value 
would appear to be somewhat more reliable. 

Sedimentation Equilibrium Studies and Molecular 
Weight. Since an unusual departure from ideality at high 
protein concentrations was evident, confirmation of the 
kinetic unit molecular weight (of ca. 102,000, vide supra) 
was sought by true sedimentation equilibrium analysis, 
and a typical analysis (at pH 5.9, for an initial protein 
concentration of ca. 5 mg/ml) is presented in Figure 4, 
in terms of a plot of log J us. x 2  at sedimentation equi- 
librium. Within the deviations at the extreme ends of the 
cell (see the lower “deviation plot,” Figure 4) where 
significant errors in measurement are evident, the rela- 
tively low ratio calculated for the z-average molecular 
weight to weight-average molecular weight (1.03) would 
be evidence of homogeneity. 

The value of the weight-average molecular weight 
throughout the entire contents of the cell (A,) was cal- 
culated to be ca. 95,700, and in approximate agreement 
with a calculated value of Ma,, for this finite protein 
concentration, but slightly lower than the extrapolated 
value of Mt,,  at zero protein concentration. Therefore, 

M#,D = { RTS/[D(1 - Vp)I I I1 + (d(hr)/d(ln c)>l were 

1 
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FIGURE 6: Apparent weight-average molecular weight 
of nucleoside triphosphate-nucleoside diphosphate 
transphosphorylase by Ehrenberg’s “approach to sedi- 
mentation equilibrium” method in 0.141 M KC1-0.009 
M potassium acetate, (I’/2) = 0.15, pH 5.6, 3”, and 
12,590 rpm. The filled circles represent the apparent 
weight-average molecular weight of nucleoside triphos- 
phate-nucleoside diphosphate transphosphorylase in 
0.0884 M KC1-0.0092 M KH2POr0.0008 M KzHPOe 
(pH 5.9), (I’/2) = 0.100 at 3”, by the true sediment- 
ation analyses for initial protein concentrations of 
2.0, 3.2, 4.1, and 5.0 mg/ml. The statistical equation 
for the entire plot is 1 / ~ ~  spp = (0.995 + 0.010~ + 
9 . 0 0 1 5 ~ ~ )  X where c represents the meniscus 
concentrations (in milligrams per milliliter) for the 
Ehrenberg runs (m) and the initial concentration for 
the true sedimentation equilibrium analyses (0 -0) 
a”, = 100,500 =k 4000. 

values for &?, were determined at several initial protein 
concentrations by true sedimentation equilibrium anal- 
yses; and, in addition, in order to explore the cdncen- 
tration dependency of M ,  at relatively high protein con- 
centrations, the Ehrenberg adaptation of Archibald’s 
approach to equilibrium method (see Experihental 
Section) was employed. These values are all summarized 
in Figure 6, in terms of a plot of the reciprocal of the 
apparent weight-average molecular weight us. the rhenis- 
cus concentration. As may be seen, the true sedimenta- 
tion equilibrium analyses also fit nicely to the over-all 
plot for the Ehrenberg runs at the relatively low con- 
centration range where the former technique is applic- 
able and in which region the concentration dependency 
is the least. At relatively high values of protein concen- 
tration a marked concave upward plot is evident, and 
the entire set of data fit the two-term statistical equa- 
tion, l / a w a P p  = (0.995 + 0 . 0 1 0 ~  + 0 . 0 0 1 5 ~ ~ )  X’ 
which permits a more reliable extrapolation of MW to 
zero protein concentration (than by a simple Ma,, us. c 
plot), uiz., = 100,500 (with an estimated irncer- 
tainty of =k4000). But within the uncertainties of the 
extrapolated values, the estimates for the molecular 
weights by sedimentation velocity and diffusion zind by 
sedimentation equilibrium are in agreement ; and the 
most reliable estimate for a: is taken to be 102,000 
(see above). 2929 
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For an ideal protein solute or at zero protein concen- 
tration, the expression M,,, = {2RT/[(1 - Vp)wS1}. 
{ d In cT/d(x2)) would be assumed to hold at sedimenta- 
tion equilibrium; however, for a real solute, at finite 
protein concentration, the sedimentation equilibrium 
expression should be amended to M,,, = { 2RT/[(1 - 
Vp)u2]){d In c/d(xQ))(l + d In y/d In c) ,  where M,,= 
is interpreted as the weight-average molecular weight at 
the solute concentration c and radial position x ,  and y is 
the activity coefficient (Goldberg, 1953; Schachman, 
1959). Since the value of (d In y/d In c)  is not known, 
one approach defines In y by a suitable power series in 
concentration (Goldberg, 1953 ; Mandelkern et al., 
1957; Wales et al., 1951; Williams et al., 1958; Fujita, 
1962). Thus, rearranging, [(l - Vp)u2/(2RT)l[d(x2)/d In 
c] = (1/M) + 2B2c + 3B3c2 + . . ., where the sub- 
scripts w and x have been omitted, and Bs, B3, etc., are the 
virial coefficients analogous to the nonidealty factors in 
osmotic pressure data (Wales, 1948; Kielley and Harring- 
ton, 1960). At the meniscus in the Archibald runs or at 
any radial position in the true sedimentation equilibrium 
runs, one may define l/HwaPp = (l/M) + 2B2c + 
3B3c2 + . . . (Wales, 1948; Kielley and Harrington, 
1960). Thus, the statistical relation fitting the experi- 
mental data, l/h?KBpp = (0.995 + 0.010~ + 0 .0015~~)  X 
10-5, yields the second virial coefficient BS from the 
limiting slope (1.0 x 10-7, where c is also in grams per 
liter): i.e., Bp = (1.0/2) X = 5 X 10-8mole l./gz or 
5 x 10-5 mole ml/g2, if c is expressed in g/ml as appears 
to be the convention (Kielley and Harrington, 1960; 
Tanford, 1961). The case of myosin seems an apt anal- 
ogy for the present situation and a comparison of this 
value of BS with that determined by Kielley and Harring- 
ton (1960) or by Mueller (1964) for myosin, which also 
displays a positive second virial coefficient of 9 or 10 X 
10-5 mole ml/g2, respectively, shows that the nucleoside 
diphosphokinase displays a much smaller concentration 
dependency than the rodlike myosin molecule (Kielley 
and Harrington, 1960). Apparently, the effects of ther- 
modynamic nonidealty, i .e. ,  interactions (or possibly 
association-dissociation in a rapidly adjusting equilib- 
ria), are manifested to a much larger degree in the 
myosin case than in the present situation, but these 
effects may not be ignored in the present case if any 
adequate estimation of its moelcular weight is to 
be made. Tanford (1961) has tabulated values of 
B2M for several proteins (from osmotic pressure mea- 
surements), and a value of BSM = 5.0 cmS/g may be 
estimated for the nucleoside diphosphokinase, which can 
be compared with his tabulated values of 3.2 for /3-lac- 
taglobulin, 3.7 for hemoglobin, and 75 for myosin 
(actually, 54-56 for myosin, if one uses the sedimenta- 
tion data of Mueller (1964) or of Kielley and Harrington 
(1 960)). Thus, the nucleoside diphosphokinase has a 
B2M value somewhat higher than the theoretical value 
of 3.0 for a spherical molecule (e.g., see Tanford, 1961), 
but far less than the theoretical value of 75 for an equiva- 
lent rodlike molecule of length/diameter of 100. The 
f/fo value, estimated for this protein from its extrap- 
olated coefficients corrected to 20” and water, is only 
ca. 1.19, with a calculated axial ratio for an assumed 2930 

anhydrous prolate ellipsoid of revolution of only ca. 4.2 
(Perrin, 1936). It may be estimated (e.g. ,  see Edsall, 
1953) that if the protein imbibed a significant amount 
of tightly bound solvent (w) to the extent of 0.5 g/g of 
protein, then Vmole hydrated LZ MV[1 + (w/Vpo)l = 126 
I./mole, and which would yield a (f;ifO)hydratian g [I + 
( ~ / V P ) I ” ~  = 1.18, or (f/fo))asym = (fifo)/(f/ji)hydratlon = 
1.19/1.18 E 1.01, a value essentially that of a swollen or 
expanded sphere (Oncley, 1941). The value of Vmoie hydrated 

may then be compared with that which may be estimated 
from its value of Bz, since for a sphere the excluded 
volume g 4 X Vmoie E B2M2 or Vmole Ei 126 l./mole 
and which is the same value estimated for a hydrated 
sphere 0.5 gig of hydration. The radius of a hydrated 
sphere of V,,,, = 126 l./mole may be computed next 

value for the radius of a hypothetical hydrated and ex- 
panded sphere might, in part, be reflected in the slightly 
higher value of B2M compared to a few other globular 
proteins; and this protein, as a result of imbibition of 
tightly bound solvent to yield perhaps a model ap- 
proaching that of a swollen sphere, might resemble the 
case of the expanded albumin molecule under acidic 
conditions (e.g., see Tanford, 1961). 

It is pertinent perhaps at this point to indicate that a 
few preliminary data were obtained also at pH 7.9, as a 
function of protein concentration. Although the extrap- 
olated value of a:pp was approximately the same viz., 
(100-104) X 103, nevertheless, the limiting slope (of a 
l/MaPp os. cm plot) appeared to approximately double, 
indicative of the effect of charge on the second virial co- 
escient, in a manner similar to that described by Scatch- 
ard et al. (1946) and by Edsall et al. (1950) for the effect 
of charge on the second virial coefficient of serum al- 
bumin. At present, therefore, it is assumed that the sec- 
ond virial coefficient at pH 5.6-5.9 (F/2 E 0.15), near 
its apparent isoelectric point for this (I?/2), would in- 
clude a negligible Donnan term; and that the primary 
concentration effect is due to departure from thermody- 
namic idealty, i.e., an effect on the activity coefficients, 
or possibly an alteration in the frictional coefficient with 
concentration in the velocity and diffusion experiments, 
as a result of preferential binding of solvent components. 
It would be tempting at this point to also speculate on 
the possibility of an association-dissociation set of 
equilibria (a preliminary amino acid analysis would 
point to the existence of an n-mer); however, since 
further studies are in progress which are designed to shed 
more direct light on this particular point, this particular 
discussion is more appropriately postponed to a later 
communication, except for the following comment. An 
estimate of the third virial coefficient in the relatively 
high protein concentration range is subject to a very 
large uncertainty. However, it appears qualitatively to 
be larger than is to be expected according to any solu- 
tion theory (cf. Hill, 1960) and possibly is a reflection of 
traces of light material (see above under sedimentation 
velocity) which are overweighted in the analyses at the 
meniscus by the Ehrenberg method; again a complex 
association-dissociation equilibria is a likely contribu- 
tor to the high protein concentration region. 

from Yhydrated = [3Vhyd,,,d/(4aN)]”’ 37 A. Thus, this 
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Liquid-Boundary Electrophoresis Studies. The liquid- 
boundary electrophoretic behavior of the protein (at 1 ") 
was examined over a range of pH values (from ca. 4.6 
to ca. 10.3 at (I'/2) = 0.15) at several ionic strengths 
(from 0.021 to 0.15) and in the presence of a number of 
buffer species. A summary of the data obtained is pre- 
sented in Figure 5, in terms of several plots of mobility 
cs. pH at constant ionic strength. The isoelectric states 
(defined as the points of zero mobility) were a dramatic 
function of the ionic strength; and a plot of p l  us. 
(I'/2)''l (upper right-hand insert of Figure 5)  permitted 
a linear extrapolation to zero ionic strength, i.e., an 
extrapolated value ofplo E 8.0 at ( r /2  = 0) is obtained. 
There is almost a change of 2.4 pH units in the value of 
p l ,  from (I'/2) E 0.15 (pZE 5.6) to zero ionic strength 
indicative of unusual charge interactions or a change in 
frictional coefficient with ionic strength as a result of 
preferential binding of solvent components. That the 
observed electrophoretic mobilities are influenced by 
the buffer species to some extent, is evidenced by the 
marked change in mobilities (i.e., negative) in phos- 
phate-KC1 buffers (Figure 6) compared to imidazole- 
HCl-KCl buffers, at the same total ionic strength, which 
might also imply a strong interaction with the phosphate 
buffer species (cf: similar results by Yue et al. (1967) on 
glucose 6-phosphate dehydrogenase and Barlow and 
Margoliash (1966) on several cytochrome's c). In view of 
the relative lack of specificity this enzyme displays to- 
wards its nucleotide substrates (Chiga and Plaut, 1962; 
Chiga et al., 1963; Ratliff et al., 1964; Nakamura and 
Sugino, 1966; Mourad and Parks, 1966; Goffeau et al., 
1967), as well as the implicated phosphoryl enzyme as a 
catalytic intermediate (Mourad and Parks, 1965; Nor- 
man et al., 19651, it is perhaps not too surprising that 
the enzyme would interact strongly with the phosphate 
species. 

It will be of interest to correlate the marked effect of 
ionic strength on p l ,  and its extrapolated plo, with its 
amino acid composition and titrimetric studies, which 
in turn might reveal what charge interactions are re- 
sponsible for this dramatic effect. Parenthetically, it 
may be remarked that aldolase appeared to yield similar 
electrophoretic behavior as well as interactions with the 
phosphate buffer species (Velick, 1949), and in view of 
the subunit structure revealed for aldolase (Stellwagen 
and Schachman, 1962; Kawahara and Tanford, 1966; 
Deal et al., 1963; Chan and Morse, 1967), interactions 
between hypothetical subunits as a function of ionic 
strength as well as preferential binding might be con- 
tributing factors in the electrophoretic behavior. 

In Table I are summarized all the physical prop- 
erties pertinent to this report, and which also in- 
clude its extinction coefficients at 282 mp (max) and a 
ratio of values at 282:259 mp, the biuret factor refrac- 
tive index increment for 3"  and 546 mp, and values for 
the apparent partial specific volume measured at 3 and 
20 ", 

By the several physical techniques employed for these 
studies (sedimentation velocity, sedimentation equilib- 
rium, diffusion, and electrophoresis) no evidence for 
any gross heterogeneity could be obtained; however, 

TABLE I: Physical Properties of Nucleoside Triphos- 
phate-Nucleoside Diphosphate Transphosphorylase. 

plo, isoelectric point ( r /2  -, 0) 
s ! ~ , ~ ,  sedimentation coefficient 

(c - 0, pH 5.6) (sec) 
s : ~ , ~ ,  sedimentation coefficient 

(c - 0, pH 5 . 6 )  (sec) 
Dp.b, diffusion coefficient (c - 

0, pH 5.6) (cm2/sec) 
DzO,,,., diffusion coefficient (c +. 0, 

pH 5 . 6 )  (cm 2/sec) 
M s , D ,  molecular weight by sedi- 

mentation and diffusion (c +. 0) 
(g/mole), pH 5 . 6  (pH 7.9 = 
103,700 =k 3000) 

Mequil, molecular weight by sedi- 
mentation equilibrium (gimole) 
(c -+ 0), pH 5 . 9  

papp.30, apparent partial specific 
volume (c = 1 .8x)  (cm3/g) 

Vapp,200, apparent partial specific 
volume (c = 1 . 8  %) (cm3/g) 

f/h, molar frictional ratio 

B2, second virial coefficient (mole 

(AnjAc),~, refractive index incre- 
ment (546 mp) (si100 rnl)-l 

Biuret factor (540 mp, 10-ml vol- 
ume, 1 .O-cm light path) (mg/ 
absorbance unit) 

extinction coefficient (282 
mp, pH 7.00,0.05 M phos- 
phate) 

Ratio of extinction coefficients at 
282 :259 mp 

mug 3 

8 .0  
3.85 x 10-13 

5.67 x 10-13 

3.35 x 10-7 

5.63 X 

102,000 2c 2000 

100,500 + 4000 

0.736 

0.761 

1.19 (a/b = 4.2 
for anhydrous 
prolate) 
5 .0  x 10-5 

1.93 x 10-3 

34.2 

56.04 

2.01 

implications of departure from thermodynamic ideality 
were evident and have been described above. The nature 
of the interactions responsible are not entirely clear, 
but at pH values far removed from its apparent iso- 
electric state charge effects (see under sedimentation 
equilibrium), interactions with buffer species (see elec- 
trophoretic studies) are distinct possibilities. At pH 
values near its apparent isoelectric point, effects on the 
frictional coefficient by preferential binding of solvent 
components, the effects of protein concentration on the 
activity coefficients, and repulsive forces between possible 
subunits, all combine to yield a positive second virial 
coefficient. A complex and rapidly adjusting set of 
association-dissociation equilibria may also contribute 
and this effect is the subject of current investigations. 
It is possible that the over-all kinetic molecular unit 
(and whose best value of the molecular weight appears 
to be 102,000) might approximate a swollen or expanded 293 1 
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sphere, under the conditions of measurement. Future 
investigations by other techniques more specifically 
designed to unravel its three-dimensional structure are 
areas for later studies. 
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