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The sedimentation equilibrium in concentrated solutions of hemoglobin and myglobbin has hcen mcaurcd. 2%~ ratio of tbc 
apparent mdecuiar weight of hemoglobin to that of myoglobin. R. is found to obey the cmpiricnl relation R( ~)=%-4.2,5X 
IO-” r+6,44X IO-’ ~‘-2.21 X IO-’ c’. where c is the protein concentration in g/dl. for ~~40 g/dI. A thcorctical rclntion 
for the dependence of R upon c in the absence of protein self-association is prcsentcd. T%is relation cannot bc fitted to the 
experimental results. and the discrepancy is attributed to self-xaxiatinn of m?;oglobin. 

1. Introduction 

When the a and /3 subunits of hemoglobin are 
separated, /3 chains form homogeneous tetramers 
at low concentration; at higher concentrations cr 
chains also appear to self-associate f I f_ It has been 
suggested that by virtue of its resemblance to the 
subunit chains of hemoglobin, myoglobin should 
possess the ability to self-associate as well, but 
more weakly, i.e., with a free energy change which 
is more positive than that accompanying the self- 
association of a and #l chains [2,16]_ If such is the 
case, then myoglobin would be expected to self- 
associate to a significant extent only in highly 
.concentrated solutions_ We report here the mea- 
surement of the sedimentation equilibrium of 
myoglobin and hemoglobin at such concentra- 
tions. A novel analysis of sedimentation equi- 
librium of highly nonideal protein solutions, based 
upon comparison of the observed properties of 

hemoglobin and myoglobin, permits us to con- 
clude that in very cancentrated solutions myogIo- 
bin self-associates to a dimer and very probably to 
higher oligomers as well. 

2. Materials 

Horse heart myoglobin (Sigma) and human he- 
moglobin (Sigma) were converted to the cyanmet 
form by the addition of 1.2 equivalents of potas- 
sium ferricyanide and 2 equivalents of potassium 
cyanide per equivalent of heme 131. The protein 
solutions were then dialyzed against large volumes 
of phosphate-buffered saline (0.1 M NaCl, 0.05 M 
phosphate, pH 7.4). The visible absorbance spectra 
of hemoglobin and myoglobin solutions prepared 
in this manner were unchanged after being kept in 
sealed cuvettes at room temperature for 1 month. 



3. Experimental methods and results 

In order for the sedimentation equilibrium of 
heme proteins to be measured at high concentra- 
tion, extremely short path length centrifuge cells 
similar to those employed by Braswell (41 were 
assembled as follows: A standard l&mm Kel-F 
single-sector centerpiece was placed in a cell hous- 
ing as a spacer. Next. the lower window in its 
holder was inserted, and a ring-shaped centerpiece 
gasket of silicone rubber was placed on the upper 
surface of the window to act as a thin centerpiece. 
2-3 pl of sample were placed on the center of the 
lower window_ so as not to touch the centerpiece. 
the upper window was placed in position, and the 
cell was closed and the screw ring tightened to a 
torque of = 140 inch-pounds, with a resulting flat- 
tening of the centerpiece gasket. 

Prior to centrifugation the sampie remained in 
the center of the cell, due to capillary attraction. 
Upon centrifugation, the sample formed a circular 
segment whose upper boundary (meniscus) was 
normal to the centrifugal field and whose lower 
boundary (base) was the inner edge of the 
centerpiece gasket. The maximum distance be- 
tween meniscus and base. at the center of the 
circular segment, was between 3 and 4mm. The 
optical path length was determined from measure- 
ments of light absorbance in the visible region 
together with known extinction coefficients of the 
heme protein- Because of the plasticity of the 
gasket material, the path length varied between 
0.15 and 0.2 mm depending upon the compression 
of the centerpiece. Precise determination of the 
path length was unnecessary. as concentrations of 
the sample in the cell were determined by relative 
rather than by absolute measurements of ab- 
sorbance. 

A four-hole aluminum rotor (An-F) was loaded 
with a single counterbalance and three short path 
length cells containing buffer, cyanmethemoglobin 
(loading concentration 18.8 g/dl), and cyan- 
metmyoglobin (loading concentration 18.8 g/dl). 
Experiments were performed at 20°C on a Beck- 
man model E analytical centrifuge equipped with 
scanner and multiplexer. It was verified that the 
samples obeyed Beer’s law and that the scanner 
pen deflection varied linearly with the absorbance 

of the samples at the wavelengths employed. The 
scanner was operated in the split-beam, single- 
sector mode, so that the absorbance recorded on a 
scanner trace represented the difference between 
the &bsolute absorbances of a sample solution in 
one cell and buffer in a second cell. In order to 
estimate the baseline height for each of the sample 
cells, at the conclusion of the centrifugation the 
rotor was spun at its maximum rated speed (52OdO 
rpm) until the meniscus was depleted in each of 
the sample cells. As a preliminary experiment with 
short path length cells containing buffer only had 
shown that baseline height was essentially in- 
variant with cell position and rotor speed, the 
height of the scanner trace at the depleted menis- 
cus was assumed equal to the baseline height at all 
positions in the cell and at all rotor speeds. 

A few minutes after beginning the centrifuge 
run, at a rotor speed of 3000 rpm, each sample cell 
was scanned at two wavelengths, 545 and 505 nm, 
corresponding to a maximum and minimum, re- 
spectively, in the visible spectrum of the heme 
proteins, and at two scanner sensitivities, corre- 
sponding to 1 and 2.5 absorbance units full scale. * 
The traces of these scans exhibited a small linear 
dependence of absorbance upon radial position_ 
The absorbance at a particular wavelength corre- 
sponding to the loading concentration was as- 
sumed to be equal. to the absorbance at the mid- 
point of the sample column_ ** 

The rotor speed was increased to 14000 rpm, 
and scans were recorded daily for each sample at a 
single wavelength and sensitivity until no change 
in the scan trace was observed on successive days. 
Typically, 4 or 5 days were required to obtain 
successive scans which were superimposable. When 

. 

** 

The light passing through the sample is not strictly mono- 
chromatic (half-maximat bandpass= nm at 505 nm and 
2’6 nm at 545 nm for a monochromator slit uidth of I mm). 
The absorban= recorded by the sczmner must therefore be 
regarded as an effective or apparent absorbance which is 
similar but not identical to that measured using more nearly 
monochromatic fight. 
At the conclusion of the centrifuge rmx. traces of scans 
recorded at the same wavelength and different rotor speeds 
were superimposed. and the hinge point [ 151 was de- 
termined. The absorbance at the hinge point differed from 
that at the midpoint of the 3ooO ‘pm scan by no more than 
3% in both protein solutions at both wavelengths. 
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this criterion was satisfied. each cell was scanned vide approximately 45 data points in the sample 
at the two wavelengths and sensitivities given column at uniform intervals of the radial distance 
above. The entire procedure was then repeated at r. These data were transformed into tables of c 
rotor speeds of 20000, 28000 and 40000 r-pm. versus r7 via the following relation 
Excellent reproducibility of slow scans indicates 
that rotor precession did not significantly distort 
the data. 

A(r.A) --B(X) 
c(r) =ccI- A,(X) -B(X) (1) 

Each scan irace was manually digitized to pro- where co is the loading concentration. A(r.X) the 
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Fig. 1. Apparent mokcular weight of hemoglobin and myoglobin versus protein conccnrration. Data: (17) hemoglobin: (C) 

myoglobin.Curves:(------ ) results of Williams 191; (- - -) results of Briehl and Ewcrt [IO]: ( . upper) best lit of cq. (5) 
to hemoglobin data 1 M=65000. V=O.O095 al/g]: ( . Iowcrf best fit of cq. (8) to myoglobin data [A 1 = -425 X 10 -’ dl/g. 

,4,=6.44X 1O-4 (dl,‘g)z. and A,= --2_Zt X iO-s (dl/g)3]. 



absorbance at radius r and wavelength A, A,(X) 
the absorbance at wavelength X corresponding to 
the loading concentration, and B(h) the baseline 
absorbance at wavelength A. To reduce artifacts 
arising from stray light at very high absorbance. 
only points with an absorbance of less than 2 units 
were included in the data set to be analyzed_ 

Depending upon the noisiness of the data, the 
tables of (r’.c) were smoothed using a three- or 
five-point running average of c. Next. the value of 
dc/dr’ corresponding to each data point (ri2.c,) 
was estimated according to 

-$-I 

- ri’_ , 
(2) 

where the subscripts i - 1 and i + 1. respectively. 
denote the data points immediately preceding and 
succeeding data point (<‘,c,) in the direction of 
increasing r. The value of the apparent molecular 
weight of heme protein, Mapi,_ was calculated for 
each data point using the relation [S] 

M 
2RT 1 dc 

“PP = (* 
_-_- 

-5p)c.a’ C dr’ 
(34 

where R is the molar gas constant, T the absolute 
temperature, w the rotor speed in rad/s, 5 the 
partial specific volume of the protein, and p the 
density of the solution. Assuming that the density 
of the solution has a linear dependence upon c 16). 
we may write 

(l-Gp)=(l-~p~)(l-~c) W) 

where o. is the density of the solvent at tempera- 
ture T- The value of u is taken as 0.74 ml/g for 
both hemoglobin and myoglobin [7], and the den- 
sity of buffer at 1.004 g/ml [S]. 

The values of Mapp for both hemoglobin and 
myogIobin, calculated as described above, are 
plotted as functions of c in fig. 1. The data for 
hemoglobin are pooled from scans at 1400O,21000 
and 28000 r-pm; the data for myoglobin are pooled 
from scans at 21000, 28000 and 40000 rpm. Also 
plotted in fig. I are curves calculated according to 
equations given by Williams [9] and Briehl and 
Ewert [IO] to describe the results of their respec- 
tive sedimentation equihbrium studies on hemo- 
globin at high concentration. It may be seen that 

for hemoglobin concentrations exceeding 12.5 
g/dl, our results for hemoglobin are in satisfactory 
agreement with the earlier results obtained using 
interferometric (93 and schlieren [lo] optics, thus 
lending confidence in the validity of our technique 
and the reliability of our results for myoglobin. + 

4. Discussion 

The present analysis is based upon a compari- 
son of the concentration dependence of the ap- 
parent molecular weights of hemoglobin and 
myogiobin. We define the ratio 

R(c) = M&Zr;(c)/M$$‘(c) (4) 

where the superscripts Hb and Mb refer to hemo- 
globin and myoglobin, respectively. In order to 
evaluate R, we require analytical expressions for 
MHb and Ma$’ as functions of c. 

“PP 

4.1. Hemoglobin 

The sedimentation equilibrium of concentrated 
hemoglobin solutions may be quantitatively de- 
scribed by a model in which protein molecules are 
presented by equivalent hard spherical particles 
which do not self-associate [ 1 I, 121. According to 
this model, the apparent molecular weight of pro- 
tein is given by 

M,,,(c) = M/[ 1 f 7.0Vc + 22.0( vc)’ + 43.45( vC)3 

+ 67 _74( VC)~ + 95.97( Vc)‘] (5) 

where M is the molecular weight of the protein in 
the ideal limit, and V is the specific volume of the 
equivalent particle. Eq_ (4) is plotted in fig. 1 for 
M = 65000 and V= 0.0095 dl/g (parameter values 
essentially identical to those obtained in ref. Ill]); 
the calculated curve provides a good description of 
the hemoglobin data presented here within the 
limits of experimental precision_ 

* Regions of the sample column with protein concentration 
below 12.5 g/d1 had such low absorbance that uncertainty in 
baseline height led to unacceptable uncertainty in the de- 
termination of c and especially of dc/dr*. 



4.2. Myoglobin 

In order to obtain a smooth curve through the 
myoglobin data, we adopt an empirical expression 
for R 

R(c) =A, -+A,c+A,c’? +A,c3 

The value of A, may be independentIy 
termined: 

A, = lii~M$;( c)/M_$;( c) = MHb/MMb 

= 65~0/170~ = 3.8 

Rearranging eqs. (6) and (7), we obtain 

(6) 
de- 

(7) 

Eq. (8) was fitted by the method of nonlinear least 
squares to the myoglobin data shown in fig. I. 
using eq. (5) with the parameter values given above 
IO calculate Ma?. The best fit of eq. (g) to the 
myoglobin data is plotted in fig. 1, and the best-fit 
values of A,, AZ and A, are given in the figure 
caption. The concentration dependence of R. 
calculated using eq. (6) with these values of A,. A,, 
and A,, is plotted in fig. 2. 

t 
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Fig. 2. R vcr*us protein concentration. ( ) Calculated 
using eq. (6) with values of A, given in the legend to fig. I. 
(- - - - - -) Czdculated using eq. (9) with V=O.O095 dl/g. I;‘= 
OIK179 dl/g. 

Myoglobin. like hemoglobin. is a compact qua- 
sispherical molecule. It follows that if myoglobin 
does not self-associate, the dependence of h#gi 
upon c should be described by eq. (5) with M = 
17000. Under these conditions we may define a 
‘theoretical’ value of R in the absence of myoglo- 
bin self-association: 

R*(c)=3.8((1 -t 7_OVc + 22.0r k-Q? 

+43.45( V’C)’ + 67.74( V’C)~ 

+ 95_97( Y#) 

x f I + 7.OVc -+ 22.0( l’c)z + 43.456 l&)3 

f-67.74( VC)~ -+- 95.97~ Vc)‘)+j (9) 

where V and V’ are the specific voIumes of the 
equivalent particIes representing hemoglobin and 
myoglobin, respectively_ The value of V’ is de- 
termined by setting R* = R for c S 4 g/d?: at these 
concentrations myoglobin exhibits no tendency to 
self-associate [13]. The dependence of R* upon c. 
calculated using eq. (9) with the value of I/’ so 
obtained. is plotted in fig.2. It may be seen that 
the plotted curves for R and R* coincide for ail 
concentrations up to approximateIy I5 g/d& indi- 
cating that myoglobin remains essentially mono- 
meric over this concentration range. 

Fig. 3 shows. on an expanded scale. the experi- 
mentally observed dependence of M$,” upon c. the 
best fit of eq. (8) to these data. and the theoretical 
dependence of M&i. upon c in the absence of 
self-association, calculated using eq. (5) with M = 
17000 and V= 0.0079 dl/g. The discrepancy be- 
tween observed and theoretical values of M_$,$‘.par- 
titularly obvious at higher concentrations. is at- 
tributed to self-association of myoglobin. A st’atis- 
tical analysis of the relationship between the data 
and calculated curves is presented in the appendix- 

The specific volume of the equivalent hard par- 
ticle representing a hypothetical dimer of 
myoglobin cannot be calculated a priori. However. 
it is expected to lie between 0.0079 and 0.0095 

dl/g, the specific volumes of equivalent particles 
representing monomeric myoglobin and hemo- 
globin, respectively_ Fig.3 shows a plot of the 



c (g/d11 
Fig. 3. Apparent m~lt~~lar weight of myoglobin versus protein concentration. Circles and continuous curve as in fig. I. (- _ - - - -) 
Calculated using cq. (5) with’ the following parameter values: (a) M= 17000. V=O.O079 dl/g: (b) ,5{=340OC~. v=O.0095 d)/g: (c) 
M=34000. V=O.O087 dl/g: (d) M=34000. V=O.O079 dl/g. 

theoretical dependence of MapP upon c for a hypo- 
thetical myoglobin dimer, calculated using eq. (5) 
with M = 34000 and three values of V given in the 
figure legend. 

At the highest protein concentrations attained 
in this study, the experimentally observed value of 
M =~pp is comparable to that expected for a homoge- 
neous solution of myoglobin dimers with Va 

0.0087 dl/g. While it is possible to formulate 
quantitative models for particular self-association 
schemes, such as monomer-dimer or monomer- 
tetramer, in highly nonideal solutions (e.g.. see ref. 
[14]), discrimination between such schemes re- 
quires data of higher precision than that attainable 
with our present instrumentation. 

It may be recalled that our analysis is predi- 



cated upon the assumption that cyanmethe- 
moglobin does not self-associate_ While we are not 
aware of any experimental data which unequivo- 
cally indicate the presence of significant hemo- 
globin self-association under conditions similar to 
those used here, we cannot rule out the possibility 
that such self-association does take place. Should 
this be the case, our results would imply that the 
extent of myoglobin self-association is even greater 
than that suggested here. 

Appendix 

QuunMaGon of eA-perimental precision: comparison 
belween calculated and observed dependence of ap- 

parent nzoi’ecufnr weigh upon nzyoglobiin comenIra- 
[iOF 

The mean apparent molecular weight of 
myoglobin m&r and the standard deviation of the 
mean (SD.) were calculated as functions of 
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Fig. 4. Apparent molecular weight of myoglobin versus protein 
concentration. Points; mean of data for the I g/d1 interval 
indicated by the width of the surrounding box. The height of 
the surrounding box indicates ‘2 standard deviations of the 
mean. No point is plotted for c=34 g/dl. as the density of data 
between 33.5 and 34.5 g/d1 was too low to permit a reliable 
estimate of the standard deviation of the mean in this interval. 

( )Sameasinlig.3.(------)SameasdashedcurrT 
(a) of fig. 3. 

myoglobin concentration in intervals of 1 g/d1 over 
the concentration range 17-35 g/dl. The value of 

Kpp 2 2 SD. is plotted for each interval in fig. 4. 
The solid curve and dashed curve (a) in fig. 3 are 
replotted in fig.4 for comparison. The value of 

%V for any interval (except one) lying above 25 
g/d1 differs from that calculated on the assump- 
tionof no self-association (dashed curve) by more 
than 2 SD. In contrast. the corresponding value 
calculated using an empirical equation which ~vas 
fitted to all of the data between 12.5 and 37.5 g/d1 
(solid curve) agree with marr for each interval to 
within 2 SD. and ordinarily to within 1 S.D. This 
analysis indicates that as protein concentration 
increases. the assumption that myoglobin does not 
self-associate becomes increasingly incapable of 
accounting for our data to within experimental 
precision_ 
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