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Abstract

The dissociation of human carboxyhemoglobin has been
investigated by means of sedimentation velocity measure-
ments. Sedimentation studies on this protein have been
extended to concentrations as low as 0.002% by the use of
absorption optics. Hemoglobin was observed to dissociate
increasingly as the pH was changed from 7 to 5. Apbarent
dissociation constants at each pH have been calculated.
Values of the apparent specific volume of human carboxy-

hemoglobin have been found,
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INTRODUCTION

The hemoglobins of several species of mammals have been
reported to dissociate into smaller molecules under the in-
fluence of various conditions such as high urea concentra-
tion, low pH, or low protein concentration. Burk and
Greenburg reported that between pH 7.3 and 9, in 6.6 M urea,
the molecular welight of horse carboxyhemoglobin, as deter-
mined by osmotic pressure measurements, 1s half that found
in the absence of urea (1). This finding was confirmed by
Wu and Yang (2), who found, however, that the hemoglobins of
the dog and sheep did not exhibit this behavior. Steinhardt,
using the sedimentation and diffusion method, confirmed the
earlier work on horse hemoglobin and effected recomblnation
to a species having the original molecular weight by re-
moving the urea by dialysis (3). A reported increase (4)
in the diffusion coefficient of this protein, horse carboxy-
hemoglobin, with dilution has been interpreted as a disso-
ciation (5). Dissociation of horse carboxyhemoglobin by
high salt concentrations (0.5-1.0 M) has been observed
though no such behavior was found for human carboxyhemo-
globin (6).

More recently, Field and O'Brien have reported a de-
crease in the sedimentation coefficlent with a concomitant
rise in the diffusion coefficlent of human carboxyhemo-
globin in solutions of pH below 5 (7). Based upon compari-

sons of the observed spreading of the boundary in the



ultracentrifuge, Ogston and Fleld concluded that the eguili-
brium in the reaction was rapidly established (8).

There have been no clear demonstrations of the adher-
ence of any of these alleged dissociations to the law of
mass action. A knowledge of the mass actlion expression, 1if
any, would yield useful information about the group, or
groups, involved in the reaction. A study of the effects
of temperature on the equilibrium, if it is found to be a
true equilibrium, would give useful information about the
energy changes taking place. It has therefore been the
purpose of this investigation to demonstrate whether or not
one of these proteins, human carboxyhemoglobin, dissociates

in accord with the law of mass actlon.
PROCEDURE

It may be shown* that the measured sedimentation co-
efficient, 5, in a system in dissociation equilibrium 1is
given by S =§:ifisf7+ (1-e9S, where S and S; are the sedi-
mentation coefficients of the original species and the
products of its dissociation respectively and e<is the
degree of dissociation. The quantity f 5 is the ratio of

the molecular weight of the 1°7 species to that of the

ginal species. Since o should be a function of the con-

e

or

centration, a study of the sedimentation rate as a function

*
See appendix I.
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of protein concentration should reveal the effects of mass
action. A judicious choice of analytical optics and cell
depths makes 1t possible to study sedimentation behavior
over a ten thousandfold range of concentration.

The possibility of a change in the partial specific
volume of the protein in conditions favoring dissociation
must be considered.

The data of Field and O!'Brien indicate that the appar-
ent extent of dissociation is increased by the presence of
urea in the solutions, and, contrary to the behavior of
horse hemoglobin as was found earlier, the dissoclation is
unaffected by the presence of high salt concentrations.
Since the presence of urea in protein solutions has been
shown to increase the rate of protein denaturation (¢) its
effect in this instance is ambiguous. In this investiga-
tion the extent of dissociation has been studied, therefore,
as a function of the hydrogen ion and protein concentra-

tions in solutions of single buffer salts.
EXPERIMENTAL METHODS

All sedimentation experiments were verformed in a
Spinco Model E analytical ultracentrifuge. Most sedimen-
tation coefficient determinations were made at the full
speed of the instrument. This speed provided a conven-
iently large movement of the boundary during a running

time of about three hours. All the determinations using
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the cells of 30 mm. depth were performed at 50,740 RPM, the
maximum speed of the rotor used with these cells. The
sedimentation rate was followed in the concentration range
of 2.00% to approximately 0.20% with the schlieren optical
system of the instrument. This method records the refrac-
tive index gradient between the solution and the solvent.
At lower concentrations a more sensitive optical system
based on light absorption was used. It was found that
light of a wavelength of 546 mu was convenient in the con-
centration range from 0.30% to 0.05%; ultraviolet light of
a wavelength of 254 mu could be used from 0.12% to 0.02%.
The absorption of the protein at 436 mu was such that con-
centrations below 0.03% down to 0.002% could be studied.

In the measurement of the sedimentation coefficients
by absorption optics 1t was necessary to establish the
relation between proteln concentration and the vlackening
of the film. This relation is given by 0.D. (film) =
X{CP - O.D.(sol'n)} where the constantq> is a functvion of
the length of the light path and the extinction coefficient
of the protein, and }'is the slope of the D-log E curve of
the film for the conditions of development.* This equation
is strictly valid only for systems in which Beer's law 1is
obeyed and under conditions where the optical densities of

the film fall on the linear part of the D-log E curve.

*
See appendix II.
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The sedimentation coefficients were determined from
the schlieren diagrams by measurements made on 20X enlarge-
ments such that 1 cm. on the enlargement corresponded to
an actual 0.05 cm,., in the cell, thus simplifying the cal-
culations. In view of the spreading of the boundary in
solutions buffered at oH 5, the position of the boundary
was determined in some instances from the second moment of
the curve (10). The result differed from that obtained
from the more conventional but less accurate zeroth moment
by .02 cm. in the last picture of a run. It was estimated
that this difference leads to errors no greater than the
experimental error with normal spreading.

The value of the sedimentation coefficients from ab-
sorption runs were found from densitometer tracings. The
optical densities of the film were measured on the Spinco
Model R Analytrol using the microanalyzer attachment
supplied with the instrument. The method used for de-
termining the position of the boundary was that described
by Shooter and Butler (11).

The concentrations of the solutions were determined
either refractometrically or spectrophotometrically. The
value used for the specific refractive index increment
for the 623 mu line of the mercury arc was 0.00181 (12) and

gl%

the value of the specific extinction coefficient, 1 em

2

540 mu, was 8.60 (13). The instruments used for the respec-

tive measurements were a differential refractometer made
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by the Phoenix Precision Instruments Company and a Beckman
Model B spectrophotometer.

For absorption runs with 254 mu light the chlorine-
bromine filter supplied with the Spinco Model E ultra-
centrifuge was used. At other wavelengths this filter was
removed. An interference filter was substituted to pass
light of 436 mu wavelength, and a Wratten #77A filter was
used for 546 mu light. The lightsource used was the AH-4
low pressure mercury arc lamp.

Except for the first few runs which were performed at
2500., all runs were performed at EO.OOC.; the sedimenta-
tion coefficients, SW,EO’ thus correspond to velocities
and equilibria at 20°. The density of the solution was
used in the (l—?/a) (9) term which reduces the buoyancy
factor to standard conditions.

Since two analytical methods were used in this work
the problem arose as to the equivalence of the results ob-
tained by the two methods. In order to check this unequil-
vocally the sedimentation coefficients were measured by
the two methods simultaneously in the same rotor employing
two separate cells, thus avoiding the possibility of dif-
ferent effects of temperature, denaturation, and methemo-
globin formation in the comparison., To achleve reasonable
sensitivity it was necessary to vary the cell thickness and
the corresponding liguid layer thickness since the regions

of equal sensitivity for the two methods do not overlap
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for equal cell depths. For example a 12 mm. cell was

used for the schlieren optical system, and a 3 mm. cell

was used for the absorption system with 546 mu light. In
order that one system would not confllct with the other,

the cells were equilpped with individual gelatin filters,

and sultably sensitive photographic emulsions were employed.

An example of the method 1s given in figure 1.

Figure 1

An Experimental Arrangement for Simultaneous
Schlieren and Absorption Runs

schlleren Absorption
103 F plate Royal Ortho
Film

#29 Wratten - ~ 777 #61 wWratten
(red) — (green)

12 mm. cell o—e-—_ o >~ ____ 3 mm. cell

#29 Wratten __ _ ____ R . ____. #77A Wratten
(red) (green)

schlieren light- _ _ __ | < — - Absorption
source lightsource
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While it was not possible in all cases to carry out such
simultaneous experiments because of the requirements of
reasonable sensitivity, consecutive experiments, using cells
of the appropriate thicknesses were carrled out to achleve
an overlapping in the ranges of the different methods. For
instance, the same solution was studiled in a 30 mm. cell

by schlieren optics, a 12 mm. cell by UV light, and a 3 mm.

cell by light of a wavelength of 436 mm.
MATERIALS

The samples of carboxyhemoglobin used in thils investi-
cation were prepared by the method of Drabkin (14) as it
has been modified by Rhinesmith, Schroeder, and Pauling (15).

The buffers used were prepared from reagent grade
chemicals. The buffer of pH 7.0¢ was that of Kegeles and
Guttengi6). The phosphate buffer of pH 6 was prepared by
dissolving per liter of distilled water, 2.66 gms. of
Na HPOy *TH,0, §.71 gms. of NaH,POy-H,0, and 8.77 gms. of
NaCl. The acetate buffer of pH 5.06 was prepared by dis-
solving in a liter of distilled water 8.19 gms. of NaAc,
2.4 ce. glacial acetic acid, and 9.71 gm. of NaCl. The
phosphate-acetate buffer was prepared by adding 12,30 gm.

NaAc per liter to the buffer of Kegeles and Gutter (16).



Table I

Sedimentation Coefficients and Calculated Equilibrium
Constants for Carboxyhemoglobin in Acetate-NaCl Buffer,
pH 5.06, u = 0.25

Run# conc.% Method 7\mp SW,QO S;,EO K x M
372i 1.79 schl. 3.42 3.97 .88
337 1.55 " 3.32 3.69 2.28
353, 1.5 y 3.52  3.89  1.03
3717 1.16 t 3.61 3.90 .76
786* 1.00 tt 3.65 3.90 .65
355 .75 " 3.70 3.88 .51
786* .75 " 3.74 3.9 JRiv!
338* .72 it 3.71 3.8¢ .50
379 .60 " 3.56 3.71 .81
767 .535 " 3.74 3.87 A0
767 .4oo L 3.67 3.77 IV
768 .32 L 3.52 3.60 .48
768 .27 t 3.44 3.50 LTh
748 .26 L 3.32 3.38 1.06
865* .22 n 3.60 3.65 .38
342 .19 " 3.37 3.42 1.18
870 .13 abs. 546 3.37 3.34 .56
871 . 066 " " 3.34 3.3 .30
655 .027 " U36 2.99 2.69 .48
611 .026 L n 3.03 3.03 .39
614 .026 L " 3.00 3.00 Rl
575 .025 " " 2.57

577 .020 " t 2.93 2.63 Rt
685 .0043 " " 2.01 2.81 .25

*
These runs were made at 25.000., all others at 20.07°C.
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Table II

Constants for Carboxyhemoglobin in Phosphate-NaCl Buffer,

Run#
L14
115
796

pH 6.00, m = 0.25, T 20,00C.

Conc. %

2.11
1.05
LT
.75
.58
.55
.53

Method

schl.

tt

abs.
abs.
schl.
abs.
abs.
abs.
abs.

abs.

N

436
436
254
436

w,20
4,21

4,31
L.28
4.18
L 40
4.35
h.34
4,44
4,48
L.23
4,45
3.88

3.38

3.11
3.21

Kx M

o o O O O

.0315
L0194
.098
.222

.154
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Table ITII

Sedimentation Coefficients and Calculated Equilibrium
Constants for Carboxyhemoglobin in Phosphate Buffer,
PH 7.09, ;.= 0.10

Run # Conc. % Me thod Anuz SW,ZO K x M
385" 1.52 schl. 4.16

396" 1.52 n 1,09

307" 1.14 " 4.20

386" .75 n 4.31

387" 38 " 4,20

T3k4a .239 schl, L. he

7340 239 abs 546 4,43

726 .229 " " .37

056 0985 schl. h.a7

957 0985 abs 436 4. 47

961 0985 " “ 4.ho

571 L0413 " " 4, ok L0145
674 .0324 n n h.o1 .0133
669 .028 i " 4,00 .0119
673 .016 t L 3.55 .0373
066 .0105 o t 3. 04 .15
951" " . 0087 " n 3.1 .083
675 .0065 " & 3.35 . 0295
686 . 00605 n f 3.27 .036
968 .0043 " " 2.56

676 .0032 H t 2.94 oLl

*
«xRUns 385-397 were performed at 25.000., all others at 20.0°C.
The actual pH of the solution in this case was 6.95.



AT MNO1d

%‘NOILVYIN3IINOD
o'l 00¢G’ ool 0SSO o]0l GO0 100°

~14<

ﬁ__q___ i | _ﬁqd-ﬂﬂd I —_-__a_ T |

OI'0 =7 ‘60°L=Hd*4334N8 JLYHISOHJ NI
NISOTOOWIHAXOEHYD 40 LN3IID144300 NOILVININIAQ3S

R —0¢
®
e —G'E
0 QO — Ot
lIIIIINuIIIIIMNII’
)
o—FC —sP

ou.?w



-15-

A 380014

% ‘NOILVHLINIONOD
002 0G| 00l

0G’

_ _ _

NOILVYLNIONOD 0H3Z Lv 3ITINDI 10N
TVWHON 3H1 404 °2 Mg J0 3nIvA g31v10dvy1iX3
JHL 9NIMOHS 3IONVY NOILVHLINIONOD HOIH IHL NI

NISOTOOWIHAX08YHVYD 40 LN3IID144300 NOILVINIWIA3IS

O

002=H4d*¥344N8 31VL3IOV ILVHISOHd = @
60°2=Hd‘4344N8 ILVHISOHd uO

llllllllllll

O~

~
@/.

ON.BW

13 4




Run #

16-

Table IV

Comparison of Results Obtailned by Different Methods

Date

385 5/12/56
396 5/18/56

798a  2/6/57
7980 2/6/57
416 5/30/56
7%6a  2/6/57
796b  2/6/57

355 4/30/56
786 1/29/57

768D
748 1/7/57

436 with 436,

65¢  11/7/56
611  10/1/56
614  10/2/56

675 11/19/56
686 11/28/56

546 with 546,

734b  12/28/56
726 12527?56

976 5/2/57
77 5/2/57

734a  12/28/56
734 12/28/56

056 h/25/57
957 L/25 /57
961 L/28/57

schlieren with schlieren,

Cone.%

1.
.be

.58
.55
.53

N
75

<75
.75

27
.26

1

50

.026
027
.026

. 0065
.00605

236
LS

schlieren with absorption,

116
117

.239
.239

.0985
. 0685
.0985

W ww i

=

s OSs EE

WWw Ww =& s B oW

W=~
vE o

=
oo
Oy N
O

@)
Ne

=
35

=N W
o =

.99
.03
.00

.35
.27

A3
AT

.23
A5

46
43

L7

a7
40

U1Ul . Ut OOy OYOVOY N

~ ~~ Ui

~N~N~ NN ooy

pH

.08
.09

.00
.00
.00

.00
.00

.06
.06

.06
.06

.06
.06
.06

.09
.09

.00
.00

.0S
.02

.09
.09
.09

20.
20.

25.
20.

20.
20.

20.
20.
20.

20.
20,

20.
20.

20.
20.

20,
20.

20.
20.
20.

Temp.OC.

25.
25.

20.
20.
20.

(ORe; OO OO OO O OO

ON®] OO OO0

O OO OO OO

Method mp
schl.
1
1t
t
tt
1}
t
1
144
"
13
abs. 436
abs. 436
abs. 436
abs. 436
abs. 436
abs. 546
abs. 546
abs. 254
schl.
schl.
abs. 546
schl.
abs. 436
abs. 436

These runs were done simultaneously in the same rotor.
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ResULTS AND DISCUSSIUN

The results of the sedimentation coefficient determina-
tions are compiled in tables I, II, and III, and the data of
these tables are vnlotted in figures 2, 3, L, and 5.

In table IV are s hown the reproducibility of results
obtained by the different methods., It was found that sedi-
mentation coefficient determinations by schlieren optics
agreed within + 2% as 1s seen from the results of runs 385
and 396, 798a and b, 355 and 786, 768b and Th8. With
absorption optics using light of a wavelength of 136 mu the
results agreed within + 2% as is seen in runs 659, 611, and
61llL, and 675 and 636. The agreement amcng the results using
light of a wavelength of 546 mu is given in runs 734b and
726, The agreement between schlieren optics and absorvtion
optics may be seen from the runs 73La and b, 976 and 277,
and 956, 957, and 961.

Of most gignificance in the plots of Sw,20 versus ¢ 1is
the fact that all curves are similar in thelr general appear-
ance; the sedimentation rate apwnears to decrease rapidly at
low concentrations at all pH values studied. Above 0.20%
concentration at pHd 6 and 7 the results of this study are
slightly higher than the results of previous workers; this
is causec by the employing cf solution densitles instead of
solvent densities in reducing the measured sedimentation
coefficients to standard conditlons, Sy pp. The value of the

sedimentation coefficient of The undissociated hemoglobin
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molecule at zero concentration obtained by extrapolation of
the data found at pH 6 and 7 is L.5 as opposed to the values
L.3-L.} found by others (16). The reason for this 1s not
understood; the effect described above should have no effect
on the value of the sedimentation coceificient at zero
concentration.

Apart from the effect described above, the sedimentation
rate appears to be normal at pH 6 and 7 above a concentration
of 0.20%, showing only the concentration dependence of the
sedimentation coefficient of the unchanged hemoglobin mole-
cule. For all protein concentrations studled at pH 5, the
values are low, indicating that at these concentrations in
this buffer there is an appreciable degree of dissoclation.
This was also evident from the spreading and shapes of the
schlieren peaks.

Schumaker and Schachman (17) have recently reported that
the sedimentation coefficient of human carboxyhemoglobin at
pH 7 1is normal in concentrations as low as 0.005% in contra-
diction to the present work. The reason for thils difference
is not understood. It is unlikely that errors in the
concentration determinations can account for the diifference
since a factor of approximately 10 1n the concentration
would be required. It is not unreasonable for dissoclation
to occur at pH 7 if it occurs to the extents observed at
pd 5 and 6. It may be that the explanation lies in the
experimental method especlally in view of the statement made

by these authors that different values of the sedimentation
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coefficient for a cytocnrome preparation were Iound when

ight of different wavelengtns was employed. It should be

*_J

ointed out that the method used by these authors was

o]

different from the method described in thils paper in the
respect that they modifled the schlieren optical system and
used 1t as an absorpticon system.

The critical test of the adherence ol the disscclation
of carboxyhemoglobin to the law of mass action would be the
calculation of an equilibrium constant for the reaction from
the degrees of dissociation found from the sedimentation
studies. In the calculation of degrees of dissocilatlion it
has been assumed that the dissoclation reaction produces two
new species having half the molecular weilght of the normal
hemoglobin molecule. The assumotion of disscciatlon into
equal fragments 1s in accord with earlier Ifindings that the
hemoglcbirs of varicus specles dissociate into equal fragments
and with the discovery that human carboxyhemoglobin moclecule
has symmetry about a diad axis (18).

for a system undergoing dissociation intc half mole-
cules, the sedimentatlon coefficlent 1s given by musp+(l—odso,
where So and Sp are the sedimentation coelflficients oi the
original molecule and the reaction vroduct respectively. The
value of the sedimentation coefficient of tThe intact hemo-
globin molecule has been taken as .5 which is the extrapolat-
ec value of the sedimentation coefficient of the normal
molecule at zero concentraticn. The value oI the sedimentaticn

coefficient cof the half molecule has been taken as 2.7 wnich
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is the value of the asymptote at zero concentration on the log
plot of Sw,ZO against ¢ for acetate buffer of pH 5.

Since the exverimental curve of the sedimentation
coefficient is the sum of two curves, the regular curve of
the concentration dependence of S, through 1ts dependence on
the frictional coefficlient j:, and the mass action dependence
of Sw,ZO’ the exverimental data must be corrected to yleld
only the mass action dependence of 34 pp. Since dissocliation
occurs at high concentrations at pH 5 this correction has
been applied to the data for thls buifer; no correctlon was
applied to the By 2o values in buffers of pil 6 and 7 since
dissociation is appreciable only at very low concentrations

17

where the effects of concentration are negligible. The
corrections applied in the case of the acetate buliered
solutions were made on the vasis that the concentration
dependence of the sedimentation coefficlent of the half
molecule was the same as for the whole moleccule. The correc-
tion made was 0.25 svedbergs per 1.00% vrotein, as derived
from a plot of S against ¢ for the high concentration range
in pH 7 buffer.

Trom tables II, III, and IV the wvalues for X x i are
seen to be reasonably constant for the solutions of pH 5 and
7. The corrected exverimental curve for pd 5 (figure II) is
fitted by the constant 0.53. The best average value of the
constant at pH 7.09 is 0.02lL, deleting the high values 0.15
and 0.083 from the calculation of the average. The points

corresponding to these high K values are designated by the
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crosses in figure IW. The data at pH 6 seem to be ambiguous
for a calculation of the constant at this pH.

If the values of K are taken as 0.53 at pd 5.06 and
0.02L at pH 7.09, the hydrogen ion concentration can enter
the mass actlon expression only to some power less than the
first power. To pinpoint the hydrogen ion dependence more
accurately than this 1s beyond the scope of the data reported
here. It 1s suggested that more work be done at pH values
6 and 7 and LL.5 to determine more closely the hydrogen lon
dependence.,

The reactive group involved in the dissoclation reaction
is probably the histidine, for of all the acidic groups in
the protein, this would be expected to undergo most change in
the pil range from 5-7.

It has been observed that hemogloblin upon dilssoclation
is converted more rapidly intoc methemoglobin. This qualita-
tive observation 1is subject to a number of interpretations.
It may be considered to be evidence for the positioﬁ of the
hemes in the hemoglobin molecule. If the hemes are located
close to newly exposed surfaces of the two halves (and deeoly
submerged within the whole molecule), they would, upon
iisscciation of the molecule, be exposed to oxicdation.
Another explanation of this behavior may be that the groups
which become acldic are the hemes themselves or other ligands
attached to the iron atom. Under these cilrcumstances the iron

atom may be perturbed upon acildifilcation and more easily

oxidiged.
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Measurement of Partial Specific Volume. To detect any change

in the specific volume of the protein upon dissociation,
measurements of the specific volume were made. The quantity
measured in this study was the apparent specific volume; it
was assumed that it approximates the thermodynamically sig-
nificant partial specific volume of the protein within the
accuracy needed. The value of the apparent specific of
hemoglobin in conditions favoring dissociation was found to
be unchanged, within the accuracy of the determinations, from
the value found in conditions where dissociation was negli-

gible. The values found are given in table V.

Table V

Apparent Specific Volume of
Human Hemoglobin

25.3%C.
Solvent ml./gm,
0.1 m K phosphate 0.747 + .001
pH 7.0
0.1 p Na Acetate 0.750 + .002
V.1l M Urea
pH 4.8

These values referred to 20.0°C. become 0.T744 and O.747
ml./gm. Thus, it is seen that no appreciable change takes
place in the specific volume on dissoclation.

During the course of the specific volume determinations

it was found that there had been no other determinations of
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the partial specific volume of human carboxyhemoglobin; the
value 0.749 ml./gm. quoted in the literature is based on

the conjecture that the values for horse hemoglobin and

human hemoglobin are the same.
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APPENDICES

I. In the ultracentrifuge, the flux dvue to sedimentation 1s:
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{5y = 24 1045

where g is a function of the cell dimensions, r 1s the dis-
tance from the center of rotation of the plane through which
sedimentation is occurring, and the c'!'s are expressed in

grams of solute per ml. of solution. For a dissociation of
the type A FFB+C+.... , 1f we start with c, grams of A per
ml., when equilibrium is established Wé will have in the solu-
tion co(l—cx) grams of A and ficocx grams of the ith product
of dissociation. The quantity fi is the ratio of the mole-
cular weight of the ith species to the molecular weight of

the substance A. The total flux across a plane in a cell con-

taining such a system would be:

lim am _ 2 2 _ 2x
AbeQ AT = ge (1-e )W s + ge w Zi ;1559¢ =c qw"S

co(l—cx)SO +§§;Sicof ;&= Sc

%)

(1-ex)S, +Zi{-‘ ;S =
In the case of a dissociation into fractional parts having
molecular weights half that of the original species this ex-
pression becomes :

(l—CN)SO + &S5 é S
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II. On the straight line portion of the D log E curve of

the film, the condition

afo.p.(ri1m} _
e t] ¥ (1)

a constant, is satisfied. TFor a solute obeing Beer's law then

Iy
log 7 =Xc = 0.D. (soltn)
t
log I, = log I; - 0.D. (sol'n) (2)
-*
From (1), 0.D.(film) = (log &t - log ¢t ) (3)

where log £¥ is the extrapolated value of log © when 0.D.(film)
= 0. For a plane surface the amount of 1light reaching the

gurface 1is

I =Kt, or log t = log I - log K (4)

Substituting (4) into (3),
*
0.D.(rilm) = ¥(-log K + log I - log t )

0.D.(film) = ¥(log K + logexI, - log t *y, ir

I =1 where e is a factor introduced to take account of

t’
the attenuation of the beam of light transmitted through the
solution as it passes through the optical system of the

ultracentrifuge.
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— *
0.D.(film) =\6:Log X + §(log o - log I, - log ¢t )
Substituting in this equation the value of It from equation 2,

0.D.(fi1m) =¥ log K + Yloge- ¥log & +

Y 10z I, - §(0.D.(s01rn)].

Combining terms so as to include all constants in @ , we

find

0.0. (ri1m) =8P - Yl0.D. (s011n)]
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