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SUMMARY

Dry bovine serum albumin and bovine heaemoglobin have
been irradiated with 50 Mev cyclotron protons. The measured
dosage rate was 6.1 ¥+ 2,7 x 10° rep/second. Irradiation times
varied from one to eight minutes.

Fregments of gram molecular weight estimated at 1000
were found in sedimentation experiments on serum albumin ir-
radiated with 7.3 x 107 rep. These fragments did not absord
at 2920 K. It was concluded that molecules of serum albumin
in which a single primary ionization occurs are broken prefer-
entially at one point to give fragments of this size.

Sedimentation experiments on haemoglobin irradiated
with dosages of protons up to 3 x 108 rep showed that little
fragmentation had occurred.

For serum albumin, the ultra-viclet absorption at

o -]
2576 A and 2920 A inocreased by a factor of three after a pri-

mary ionigation had occurred. in 93% of the irradiated molecules.

The absorption of haemoglobin at the same wavelengths increased

by 50%. These changes were attributed toc & shift in the maximum

absorption band towards the visible end of the spectrum. At

3906 A the absorption of haemoglobin decreased by 50%.
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CHAPTER I - INTRODICTION

One way in which the internel structure of large molecules
cen be studied is by the examination of the effects on the molecules
of verious ionizing radiations. In the present work the breakdown
products of bovine haemoglobin and serum albumin irradisted in the
dry state with 50 Mev protons have been studied using an ultracentri-
fuge. Dosages varied from 4 x 107 roﬁ# to 3 x 108 rep in irradiations
of from one to eight minutes duration. The rate of energy loss of
protons at this energy is low enough so that not more than one primary
jonization is likely to be produced by & proton crossing & molecule
of either of these proteins. The secondary electron ejected in a
primary ionizetion initietes, on the average, two other secondary
jonizetions within a distence equal to the radius of & serum albumin
molecule.

By using-an ultra~-violet spectrograph as a camera for the
ultracentrifuge, the sedimentation of the fragments was studied in
severel regions of the absorption spectrum at one time.

The irradiated proteins were slso exemined with an electron
microscope for aggregation products.

These experiments show that a single primary ionization oc-
curring in molecules of serum albumin produce srall fragments whose
gram molecular woelght is estimated at 1000. Aggregation products with

gram molecular weights estimated at 6 x 10° and 4 x 10® were also

founds For two and three primery ionizations per molecule a large

# The rep has been defined by Parker(1l) as that "dose" of any ionizing
radietion which produces energy absorption of 83 ergs/cc. of tissue.
Rep is an abbreviation for roentgen equivalent physical.




number of very small fregments are produced and the production of
large aggregates ceases.

No effects were found in ﬁaomoglobin which could be ascribed
to single primery ionizations occurring in individual molecules. In-
stead, the materiasl became increasingly polydisperse with increasing
dosages of radiation.

It is concluded thet in serum albumin molecules there are
regions which would be desciibed by Lea(z) as radiosensitive. From
these, fregments of fairly uniform size are broken off. In haemoglobin,
on the other hand, there is little fragmentation. Ioniszations within
the molecules merely cause rearrangement of the internal chemical bends.

An extensive review of the effects of ionizing radiations on
viruses and other large molecules has been given by'Loa(z). He heas
shown that in smqll and medium sized viruses (diameters from 16 qy»tm
70 max) an ionization anywhere in the molecule is sufficient to in-
activate the virus. In the case of'large viruses (diameters of the
order of 200 q/-) large discrepancies were found between the size esti-
mated from irradiation experiments and the actual siges. He postulates
that in the latter case the whole volume of the molecule is not radio-
sengsitive. He denotes as radiosensitive those parts of the molecule
essential to the infectivity of the virus, so that chemical change in
those perts following ionigation leads to loss of infectivity.

A group at Yale Universitw(s'g) has studied various proteins,
enzymes and viruses bombarded by 4 Mev deuterons, X-reys and low voltage
electrons (0-100 volts). Measurements have been made on molecular de~

activation cross-sections and compared with those computed from molecular

slisge.




Pollerd and Dimond(4), by measuring the infectivity of tobacco
mosaic virus after irradiation with deuterons, have shown that the
whole molecule is rediosensitive. However, they also found that the
infectivity may be reduced below one percent without affecting the
ability of the molecules to combine with anti-serum'®)., ey attribute
this large difference in molecular cross-section to the difference in
the number and energy of the chemical bonds which are specific for the
two reactions.

Svedberg and Brohult(lo) irradiated solutions of heemocyanin,
haemoglobin and serum albumin with elpha particles from radon dissolved
in the solutions at the temperature of liquid air. They'thon studied
the sedimentation of the molecules in an ultracentrifuge and concluded
that every haemocyanin molecule situated in the path of an alpha particle
was split into half-molecules. No effect on the serum albumin and haemo-
globin solutions was obgerved. 1In 11.8 days the number of alphea particles
per cubic centimeter of solution was 5.8 x 1012. The average energy of
the alpha particles from Rn, RnA, and RaC is 6.4 Mev. The dosage cal-
culated from these figures is approximately 7 x 105 rep. Twenty-eight
percent of the haemocyanin molecules were changed by the radiation. The
molecular cress section of haemoglobin and serum albumin is approximately
one tenth that of haemocyanin so that no effect on these proteins would
be expected with this dosage of alpha particles.

Carruthers(ll) studied the breakdown of dry bovine serum albumin
under alpha particle bombardment. The irradiations were made by mixing
the protein with powdered boron and irradiating the mixture with slow
neutrons in the nuclear pile of the National Research Council at Chalk

River, Ontario., The neutrons interacted with the boron to produce alpha




particles and recoil lithium nucleil, With this method dosages
estimated at 5 x 107 rep were obtained. The 5 Mev alpha particles
produced up to 16 ionizations in crossing a molecule of serum albumin,.
Carruthers found that, after alpha particle irradiation, the
absorption of ultra-violet light by bovine serum albumin was increased
and extended into the visible region of the spectrum. He attridbuted
the large increase in absorption to smell fragments broken off the
protein moleculs. It was also evident that large aggregation products
were present. He did not, however, attempt to find out whether the
rate of sedimentation in the ultraeentrifuge was the same in all regions
of the absorption spectrum.
Many experiments have been performed on proteins irradiated
in solutions. These are not comperable with the work described here
becaugse of the effects of the lonizing radiations on the solvent. The
subgequent chemical reactions between the solute and solvent mask the
direct effects of radiation on the protein. A large bibliography on
this subject is given by Laa(z). Recent experiments on the effect of
lonizing radiation on heat denaturization of protein have been described
by Friche(lz). The protein was irradiated in solution with 33,000 r.
of X-rays. By raising the concentration he has been able to show that
damage by the direct action of radiation on the molecule was more pro-
found than that due to secondary interaction with the solvent,
Techniques used in ultracentrifuge experiments are largely
those developed by Svedberg and his eo-workors(ls) between 1923 and 1933,
using centrifuges with oil turbine drives. The ultr;c;ntrifuge at McGill

is of the type developed by Boams(14) between 1933 end 1940. The use of




the spectrograph as a camera for the ultracentrifuge dispenses with
the necessity of ultra-violet filters and was first described by
Gunton(ls) and Carruthers(u).

Before experiments were started it was decided to move the
apparatus from the Physics Building to the Radiation Laboratory at
MoGill University. While it was disassembled for this move many im-
provements were made on the centrifuge. The most important of these

was in the bearings, which were completely redesigned.



CHAPTER II - THEORY
S

I PROTON DOSIMETRY

The breakdown of large molecules subjected to ioniging

radiation is due to chemical changes initiated by ionizations
occurring within the molecule. From the comparison of biological
effects of ultra-violet light and ionizing radiations Lpa(z) con-
eluded that the effects of excitation are small compared with those
of fonizations. Breakdown due to nuclear collision may also be
neglected.

High energy protons dissipate most of their energy by
the ejection of secondary electrons from atoms in the matter
through which they pass.

The average energy lost per secondary electron is of the
order of twice the average ionigation potential of the atomic elect-
rons. Half of the energy lost by the primary particle appears as
kinetic energy of the secondary electron. For proteins, composed

of light elements hydrogen, carbon, oxygen and nitrogen, the average

jonigation potential is approximately 100 ev. Electrons of this
energy, according to Lea(z), oreate 1.7 ion pairs per milli-micron of
path and have a range of 3 m/u'in tissue of unit density. Hence, a
secondary electron ejected from an atom in a serum albumin molecule
of radius 2.2 m/u.is likely to cause other ionigations within the

moleculs.

Considering the spread in energy of the secondary electrons,
from one to five lonigations might be found in single molecules due to
the effect of a single secondary electron. The average number used by
Lea(2) 15 three.




For 50 Mev protons the distance betwsen successive primary
fonizations is much larger than the diameter of molecules used in
this work. Aron, Hoffman and wuliams(le) have calculated the rate
of energy loss of high energy protons in air. For protein composed
of slements of low atomic number the rate of energy loss may be taken
as approximately proportional to density.

In Table I the rates of energy loss of 14 Mev, 50 Mev and 90
Mev protons are shown for both air and protein. The number of primary
fonizations per micron of path in protein is also shown, calculated
for an energy loss of 160 ev. per secondary electron ejected. For the
value of the average ioniszation potential of the protein, that of aire-

80 ev.-- has been used.

TABLE I
Rate of energy Rate of energy No, of primary icns
Proton energy loss in Air loss in Protein produced per micram
15°C 760 mm. Hg Density 1.0 gm/ce. of path in protein
Mev Mev/cnm. Mev/cm. ionaéu..
14 5.7 2 10 2 30.2 19
50 1,3 x 1072 10.6 6.6
90 0.83 x 102 8.8 4.3

In the present experiments with 50 Mev protons, a single molecule
is bdroken by internal formetion of a cluster of ic'm peirs. Since the
soparation of thosé clusters is large compared to molecular dimensions,
the rate of breakdown can be calculated on the basis that clusters are

formed uniformly throughout the material,




The rate at which molecules are broken down is then given by

the expression

dn = .9%n (1)
at .

where n is the number of unbroken protein molecules present,
t is the time,
and /)\ is the probability per unit time of a cluster forming inside
& molecule.

The solution of this equation is

o e (2)

n-no

where n_  is the original number of molecules.
The number, ), of molecules with at least one primary ioni-
zation is given by
Nt

n, = no(l- o ) (3)

The rate of formation of molecules, ):12 s in which two or more

primary lonizations have occurred is given by the expression

2?3=A(n -n o'ﬁt-n) (4)
at [+] o

The solution of this equation is

n, = n (1-e” Ae -Ate Xt) (5)

The number of molecules, n;', in which one, and only one, primary

fonization has occurred is then given by

ny' = oy -om,
A

=n, Ate™

(6)




]
The fraction of the molecules N has & maximim at $rradiation
n,
time ¢ ax’ where

o =7 (7)

max

The constant IX is related to the volume, V, of a single molecule by
the relation
A=v2 (8)

where J is the number of clusters formed per cubic centimeter per second.

J is related to the current of protons and their rate of
energy loss by the equation

dE

i dx Ax
v x 160

d =

(9)

where 1 is the number of protons per second passing through the target,

% is the rete of energy loss of protons in protein in electron
volts,

A x is the length of the proton path in the protein,
v is the volume of the protein target
and 160 is the average energy lost by the protons per primery ionization

in electron volts,

The unit of dosage, the rep, has already been defined as an
energy absorption in tissue of 83 orgs/oc. Dosage rate is related to
proton current and rate of energy loss bj thé equation

dE

1 =— Ax
dx x 1.6 x 1012 (10)

v x 83

I x 180
D x
83

1.6 x 10712

;’\ x 3.09 x 10~12 (11)
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where r is the proton dosage rate in rep/ec.

and 1.6 x 10-12 is the conversion factor from electron volts to ergs.
The volume of the serum albumin molecule is 4.5 x 10-20 6Ce,

giving for the dosage rate the expression

r=6.8\x 10 rep/sece (12)
Hence, by measuring the probability per unit time of a primary
fonigation occurring within a molecule of serum albumin, the dosage rate

can be determined.

II ULTRACENTRIFUGE THEORY

4 complete derivation of the theory of the ultracentrifuge has
been given by Sndberg(ls). This synopsis has been abstracted from his
book.

Svedberg considers the motion of particles of uniform size sus-
pended in a rotating liquid. Under the action of the centrifugal field
these move to the periphery of ﬁie liquid. A definite boundary is es-
tablished between the inner portions of the liquid, with zero concentratim
of particles, and the outer portions where the concentration of particles
is constant from boundary to periphery.

The molecular weight of the particles can be calculated from
the velocity with whieh the boundary moves, using the expression

RTs gédt
=

D(1-Ve) w'x (13)

In this expression
M is the molecular weight of the particles,
x 4s the distance of the boundary from the center of rotation,
t 4is the time,

w is the angular speed of rotation,
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R is the gas constant,
T is the absolute temperature,
D 1is the diffusion constant of the particles,
V 1is the partial gpecific volume of the particles
and  1s the density of the solution. |
The constant %ﬁj = 8, the sedimentation rate in unit centri-
fugal field, is the sedimentation constant of the particles.
Usually diffusion blurs the sedimenting boundary. According
to diffusion theory, point x is then that point where the concentration
is 50% of the maximum. From the movement of this point the sedimentation

constant may be calculated, using the approximation

= A!/At

s ':sz (14)
or the exact expression
log (x5/x;)
8="3 ( b= %) (15)

In these expressions
xm is the mean position of the 50% point on the boundary between
the times t, and tg at which measurements are made,
x, and x, are the positions of the 50% point at the times t, and ¢,,

and At = tz-tl.

To get convection=free sedimentation the cell containing the
solution must have the shape of a seotors In such a cell the maximm
concentration at thé psPiphery of the cell decreases with time., The
concentration, Cy , in this part of the cell may be calculated at any

time, il, after sedimentation has started, from the expression

= - 2
c —Cooat]_'°

%
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where Co is the original concentration of the solution.
In deriving this formula, ascount has been taken of the varia-
tion of centrifugal force with distance from the center of rotation. Re-

arranged, the formula may be used to caleculate the sedimentation constant.
log Co/Ctl
2 w?'tl

Agreenent betwesn the values of s, calculated from equations

(16)

(14) and (16), is & sensitive test as to the homogeneity of the particle
sizes. The value of the sedimentation constant derived from equation (16)
is particularly sensitive to the presence of particles of larger than
average size, The value of the diffusion constant, D, can also be de-
rived from sedimentation experiments.

Knowing the values of the sedimentation and diffusion con-
stants, the econcentration of solution, C, at any distance, x, from the
center of rotation, can be calculated from the expression

y
st ), .2 oY ay (17)

o ¥ 8t _

where y =
S4 Dt

and x o is the distance from the center of rotation at which sedi-

mentation starts.
Other symbols are the same as those already used.

The expression .

Yy
ey = ﬁ% 8 O-yz dy

o

is the well-known probability integral and is tabulated by Svedberg(13).
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If the ocurves of concentration, C, against disteance, x,
plotted from equation (17), agree with the experimentally determined
curves, the solute is certainly a monomolecular species. .\J

The expressions given above are all derived assuming & mono-
disperse material as solute. In studying polydisperse systems the
values of s found by the two different methods doscrlﬁod are average
values, An average value of D must be assumed or measured in a separate
experiment to plot the curves of equation (17). In the experiments on
polydisperse material described in this thesis, the concentration at any
point in the Svedberg cell is measured by the ultra-violet absorption
at that point. However, no exect method is known for calculating from
sedimentation experiments the distribution of particle sizes present in
the cell for cases in which the sedimentation constants, diffusion con-
stants, ultra-violet absorption constants and concentrations of the in-
dividual particle sizes are all unknown.

The sedimentation constant varies with viscosity, hence with
temperature. It also depends upon the solvent in which the material
under study is dissolvede It is usual to correct experimentally deter-
mined values of s to the values which would be obtained with water as a
solvent at 20°C, designated 800°

The first correction applied is for temperature variations be-

tween exposures,

o
5o = °:§°t 1 (18)
n P20
log (po/bt1) n%
%= — =T oS, (29) —
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where n; is the viscosity of water at the mean temperature, T,

between exposures
o
and n, is the viscosity of water at 20°c.

A correction is then made for the solvent, using the expression

= 5 np  0.2623
T %070 1-V
nq, T T

820 (20)

where n,, is the viscosity of the solvent at the mean temperature, T,
of the sedimentetion experiment,
n; is the viscosity of water at the mean temperature, T,

VT is the partial specific volume of the solute in the investi-~
geted medium, at the mean tempereture, T

and f; is the density of the medium at the mean temperature, T.

The constant 0.25623 has been calculated by Svedberg for aqueous
protein solutions. The last correction factor for the acetete buffer
solution used in the present experiments is equal to 1.07 ¥ 0.01 for all
temperatures between 25°C and 30°C.

Svedberg(ls) liste the molecular weights and corresponding
sedimentation constants of a large number of proteins. In Fig. 27,
page 80, molecular weight has been plotted as a function of sedimentation
constant from this data. By interpoclation and extrapolation on this
curve molecular weights were estimated from the sedimentation constants

)

measured in the present work.




16

CHAPTER III - APPARATUS

I “MHE ULRACENTRIFUGE

1., Gensral
The electrically-driven ultracentrifuge used in the present
work is similar to that designed by Skarstrom and Beams'17), As de-

tailed descriptions of the apparatus have been given by Rotonberg(ls),

Gunton(ls) and Carruthera(ll), only a general description will be given
here, except where improvements have been made.

A schematic diagram of the cross section of the ultracentrifuge
is shomn in Fig. 1. The Svedberg type rotor (A) rotates in the armour-
plete vacuum chember (B). The rotor is directly connected to the arma-
ture (C) of the motor by & 1/8" tubuler steel shaft (D). The rotating
system is supported by the solenoid (E)s The motor bearings ere in-
dicated by (F) and (G); the bottom bearing for the Svedberg rotor, which
also scts as a vibration damper, is marked (H).

The two-phase induction motor (K) is driven by a transition
oscillator, the frequency of which is varisble in steps of approximetely
200 o/s from 430 to 1420 ¢/s. The output of the oscillator is fed inte
a power amplifier capable of supplying 1,000 watts to the motor.

The speed of the motor is measured by reflecting light from
the armature, which is partially bleckened, into a photo-electric cell.
Output pulses from the photo-electric cell are amplified and fed into a
counting rate meter which gives a direct reading of the speed in revolutions

per gecond.
The Svedberg cell, (P), in the spinning rotor is illuminated

once in each revolution by a quartz mercury arc. Light from the arc,
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after passing through the illuminating lens (0), is reflected through
quarts window (M) by the mirror (N). The light from the cell then
passes through quartz window (L) through & hole in the stator (K) to
a mirror not shown in Fig. l. This mirror reflects the light through
another lens which focusses an image of the cell onto & slit of the
spectrograph after reflection at enother mirror.

‘"In Fig. 1 the supports for the solenoid are shown at right
angles to their true position with respect to the light beam.

Pictures of the ultracentrifuge laboratory in the Annex of
the Radietion laboratory ere shown in Figs. 2, § and 4, Fig. 2 shows
the centrifuge, Fig. 3 the centrifuge and part of the control table and

Fige. 4 the control table and spectrograph.

2. The Svedberg Cell

The sample to be centrifuged is held in e sectoriel cell
which is placed opposite & counter-balence in the Svedberg Rotor. The
cell is 1.6 om. long and 0.3 cme. thick. The angle of the seotor is s°.
The center of the cell is 5.8 cm. from the center of rotation. The
sides of the cell are enclosed by crystalline quartz plates in order
that the concentration of protein throughout the cell can be measured
by ultra-violet absorption while the rotor is spinning.

The quartz discs are liable to breskage due to the tremend-
ous pressures exerted by the solution inside the cell. This trouble is
accentuated by the high pressure which the discs must exert on the
pliofilm gaskets to seal the solution within the cell., Pressure to seal
the cell is applied to the discs by & nut screwing into the cell holder.-

To keep this pressure to the minimum necessary for a good seal, a torque-







19

measuring wrench wes obteined to tighten the nute For an operating

speed of 730 r.p.s. & torque of 75 inch pounds was found to be suf-

ficient to ensure a good seal.

To obtain undisturbed sedimentetion in the cell, and uni-
form illumination along the length of the spectrogreph slit, the sides
of the sector should be radial. A jig was mede for holding the rotor

so that two slits 0.015 inches wide were radial from the center of
rotation. The cell then could be rotated in the rotor until the two

slits and either edge of the cell sector were in line.

3« The Mechanical System

A picture of the disassembled rotating system is shown in
Fig. 5. At the bottom iz the vibration damper and above it the Svedberg
rotor. Over the rotor is the main bearing, then the motor ermature eand

above this the top bearing.

(a) The Svedberg Rotor. The experience of Svedberg and

Bee.ms(ls) has indicated that anvoval shaped rotor will remsin intact
at higher speeds than one circuler in cross section. This is due to
reduction of stresses at the center by the removal of excess material.

To insure safe operation at speeds from 800 to 1000 r.p.s.
the rotor already in use was cut to an oval shape. After approximately
twenty hours' operation at 800 r.p.s. it was found that the diameter of
the rotor through the cell and counterbalance had increased by 0.003 inches.
After this the rotor was not run above 730 r.p.s. The rotor was made ag
accurately as possible but was not balanced stetically or dynamically., A
quarter of a gram of solution lesking out of the cell at high speed caused

no noticeable precession.
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Table II shows the redisl accelerations at a radius of

6.8 cm. at various speeds of rotation.

TABLE I1I
Speed of Rotation Radial Acceleration
rQVO/seco ’ g o
500 68,500
T00 115,000
730 : 126,000
800 150,000

1000 234,000

(b) Te Main Bearing, The main bearing on the top of the

vecuum chamber has four importent additional functions. It
i) provides an exit for ocooling water from the armeture,

ii) acts as a shock absorber to damp resonance vibrations
of the rotor,

111) provides a vacuum seal between the roteting shaft and
the 1id of the vecuum chamber, and

iv) acts as a thrust bearing to support part of the weight
of the rotating system.

The bearing formerly used in this position was in two separate
parts. These were clamped in place on rubber gaskets with ceoling water
flowing between them. Trouble from these bearings ceme from two sources:

1) The rubber gaskets were required to act as both shock

[ —

absorbers and vacuum seals., Rubber under compression, ag required in a




21

vacuum seal, loses its elastic properties so that it is not e good
shockvabsorber.

2) There was no way to ensure that the two bearings were
aligned.

A gketch of the new main bearing is shown in Fig. 6. The

(11) bearing surfaces and the sheaft

clearance between the hard babbit
is 0.0003", The bearings were made by pressing babbit slugs into

brass bushings. To bore e babbit slug axielly, a jig was turned in a
lathe holding @& single bress bushing with & tight fit. Using e small
boring tool the hole was then bored to e diameter of 0.1250 ¥ ,0002"
measured by fit and no fit gauges. For final reaming by hand to

0.1260" the bearings were mounted in the brass cylinder as shown in

Fig. 6. Once asgsembled the bearings are permanently aligned and were
not removed from the cylinder until they had to be replsced.

The cylinder in which the bearings were mounted was held
near its upper end by an O-Ring which allowed it to tilt two or three
degress from the vertical. The bottom of the cylinder was supported by
a rubber ring bonded to the brass tube which also held the upper O-Ring.
This holder screwed into the cover of the vecuum tank. As the bearing

was quite elestic in its mount it damped all vibrations excellently.
Referring to Fig. €s Water flows from a hole in the tubular

shaft into the bearing through the chamnel marked "A", It is prevented

from flowing between the bearing surfeces and the shaft by lubricating

oil under pressure, introduced between pairs of bearing surfaces through

channels marked "B", For speeds up to 700 r.p.s. an oil pressure of

10 lb/in2 has been found satisfactory. To prevent seizing at higher

speads it is necessary to inorease this to 16 lh/in?, depending on the
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tightness of the bearing. Pressures less than 10 ~ mm. of meroury

are easily maintained in the vecuum chamber at all rotor speeds.

(¢) The Vibration Damper. The bearing on the lower end of

the Svedberg rotor has also been redesigned. This bearing is designed
to damp any precessional vibrations of the rotor. With the old design
the bearing occasionally caused the lower pin of the rotor to bend or

break.

The bearing surface is & leather washer 1/8" thick, allowing
considerable tilt to the rotor. The leather washer is fixed in & brass
disc mounted on ball bearings and placed in en oil cup. Over the oil
cup is & neoprene sheet moving with the disc. Surface tension of the
0il between the neoprene and the top of the cup keeps the flexible
sheet adhering to the surface, preventing sudden large movements of
the rotor. Together with the flexible mounting of the main bearings
this device reduces resonant precessional vibrations of the rotor until
they are barely perceptible. The oil in the cup must be renewed after
two or three runs. Its level, however, is not eritical so long as the

surface between the neoprene and the top of the oil cup is well lubricated.

(d) The Top Bearing. Originally this bearing was mounted on

top of the adjustable core of the solenoid supporting the roteting system.

This had the disadvantage of making the total distence between the main

bearing and the top bearing dependent upon the adjustment of the solenoid.

The bearing has now been mounted on the top of the solenoid. Provision

was made for & screw adjustment of the core without movement of the bearing.
A flexible mount was not found to be necessary in the top

bearing so long as the armature of the motor was made sufficiently true.
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The present armature is & right angled circuler cylinder, true to less
than 0.0001" along its outside length. The inner 1/4" hole for water
cooling is probably truly axial to 0.001" along its whole length. The

upper shaft is off-center 0.,0001" and the lower shaft 0.0004".

(e) Alignment of Bearings. To reduce precessional vibrations

it is necessary that the rotor hang vertically. The vacuum chember is
provided with levelling screws fitting into pipes in & concrete base.
To ensure that the chamber cover was always in the same position with
respect to the chamber, the loose rubber ring which wag used as a
vacuum seal between the cover of the vacuum chamber and the chamber it~
self was replaced. A rubber gasket allowing contect between cover and
vacuum chamber when the cover is screwed down tightly wes used instead.

Using the levelling screws in the vecuum tank, the main bear-
ing was made vertical by levelling a plate mounted on the shaft supporting
the roter.

To elign the top bearing the centrifuge was assembled except
for this bearing. With no water or oil lines in place, or supporting
magnetic fleld, the rotor was allowed to coast at about 200 repem. The

top bearing was then put into place and screwed down tightly.

4, The Vacuum System

The rotor turns in & vacuum at a pressure less than 10°° mm.

of mercury. This vacuum is achieved by using en oil diffusion pump with

& speed of 10 litres per second at 1073 mm. , backed by a mechanical pump.

The overall speed of the system was increased from approximately 1/2 litre

per second to § litres per second by using large diemeter pumping leads. -

The pressure is measured contimuously with a Pirani gauge. The vacuum
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gauge usually gives the first indieation of trouble in the rotating
system.

All seals on holes into the vacuum chamber were redesigned
to allow the use of O-Ring gaskets where possible. Wax seals were
made on the quartz discs to allew the light beam to traverse the
vacuum chamber. These were found to be more convenient than gaskets,

which tend to deposit grease on the quarts.

6. The Electrical System

No changes were made in the driving and control cirouita(n)

othdr than those necessary to keep them in good repair,

The automatic spoe-d control was not used in the present work,
since it was found that the 60-cyecle hum from surrounding apparatus wes
of the same order of magnitude as the slip speed voltege induced in the
pick-up coils So long as the power input to the motor was kept constant

varistions in speed were negligible.

6. The Optical System

(a) General, ‘The Svedberg cell was illuminated by & 2650-watt
quartz mercury arc, The light from the cell was then focussed on the
slit of the speotrograph by a quartz fluorite achromatic lens of focal
length 100 om. and aperture f£/36. The system wes used at unit magni-
fication,

To achieve uniform illumination of the cell an image of the
mercury arc was mede on the guartz fluorite achromat by the illuminsting
lens. This condition ensures thet esch point on the imege of the cell

receives light from all points of the mercury arc.
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The system was found to be astigmatic even for points near
the axis of the lens, so that the sides and ends of the cell did not
come into focus at the same time. To get even illumination of the
slit the image at the circle of least confusion was used. The slit
was easily placed at this point by looking into the back of the spectro-
graph and noting whether all the collimating lens disappeared at once
at the ends of the imege. If the slit was not at the circle of least
confusion the lens disappearéd as though a diaphragm were drawn across
$t. The ceuse of the astigmatism has not yet been determined, as it
we.gs undesireble to disturb the lens and the two mirrors after they had
been aligned.e

Weak tails eppear at the ends of the spectrographic lines.
These are caused by scattering of the light by air bubbles in the
fluorite of the achromatic lens. This scattered light has been reduced
as much as possible by using diaphregms.

Several changes were made in the optical system.

1) A mirror was introduced to bend the light into the spectro-
graphs This was necessary to fit the apparatus into the room aveilable
in the Radiation Iaboratory Annex.

i1) Larger windows were put into the vacuum tank. These were
made of fused, instead of orystalline, quertz to allow the windows to be
wexed inte place.

111) As much stray light as possible was eliminated by black-
ening all perts of the apperatus near the erc. This allowed the speed
indicator to be used while the arc was operating.

iv) The megnification of the image in a prism spectrograph

varies with wavelength. Thus it is necessary to be able to find the center
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of the image on each specitrsl line and its magnification. The intensity
across the image varies so that the cell length is not suitable for use
as e standard of length, Instead, two holes were drilled in the counter-
balance equidistant from its center. These gave images jJust beyond the
ends of the image of the cell. By comparing the distance between the
images with the distence between the holes, the magnification at eny
wavelength can be found. The center point between the images was co-
incident with the center of the cell image. By measuring the distance
of any point in the image from this center point, and correcting for magn¥
fication, the corresponding position in the cell could be obtained.

v) A constant voltage transformer was used to keep the

mercury arc voltege, and hence the light intensity, constant.

(b) The Spectrograph. Light from the cell, illuminated by

the mercury arc, is focussed on the slit of & Hilger E2 quartz prism
spectrographe Sedimentation can then be followed in several regions of
the absorption spectrum of the protein at the same time.

The slit width used on the spectrograph was 0,40 mm. This
width of slit was necessary in order to keep the microphotometer beam
on the curved spectrogrephic line while photometering along its length.
For the same reason mereury lines chosen for sedimentation measurements
eould not be overlapped by other lines.

With & slit width of 0.40 mm., six lines in the mercury spec~
trum were chosen which did not overlap. Curves of photometer reading
versus exposure time were plotted for these lines. Of the six, the three
lines at 3906 i, 2920 A and 2576 A were chosen for meagurements, They
were fairly well spaced in the absorption region of the proteins, Being

of roughly equal intensity, only a single exposure time of one minute

was required.
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Meximum blacking on all lines, corrésponding to zero con-
centration of protein, was determined solely by the axposﬁro time.
Minimum blackening was determined by the sbsorption of the protein.
The minimum on lines on which measurements were to be made had to be
clearly distinguisheble from clear plate. The concentration of pro-
tein in the Svedberg cell was adjusted so that the spectral line on
which absorption was greatest could be distinguished from clear plate.

o -
For heemoglobin this line was at 3906 A; for serum albumin at 2576 A.

ITI PHOTOGRAPHIC PLATES

The spectra from sedimentation experiments were recorded on
Kodak Spectrogrephic Analysis #1 plates, 4" x 10", These are very fine
grain, high contrest plates, sensitive in the ultra-vioclet down to wave-
lengths of 2300 A.

Plates were developed singly in Kodak Developer "D19" for
five minutes, placed in a stop bath (Kodak SB.5) for 45 seconds and
fixed for 20 minutes in Kodek "Liquifix". They were then washed in
water for 1/% hour. The temperature of the developer was kept constant
at 20°C (¥ 0.2°C) during development. The temperatures of the stop
bath, Pixing bath end washing were all kept at 20°C to ensure that the
gelatine would not be damaged due to sudden changes in temperature. The
plates were not developed until at least twenty~four hours after exposure
to avoid errors due to growth of the latent image. During development
they were brushed contimuously with a soft nylon brush to ensure uniform
development.

With the 4" x 10" plates, three exposures of spectrs with lines

1.6 cm. long and eleven calibration marks 3 mm. long could be placed on
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each plate. Making five exposures per centrifuge experiment meent
using two or three plates.

Plates from the same box showed wide variaticns in blackening.
However, those which had been cut from the same sheet in manufacture
could be distinguished easily because of their uniform blackening
characteristics. These showed that the precautions taken during de-

velopment produced very uniform development.

II1 THE MICROPHOTOMETER

A Kipp & Zonen Type A MNoll recording microphotometer was
used to measure the specular density of blacking on the photographic
plates.

Operation of this instrument is as follows: the image of
the filement of a lamp operated at constant voltage is focussed on &
slit and a reduced image of this slit focussed on the photographic
plate whose blacking is to be measured. A magnified image of the
light transmitted by the second slit actuates a vacuum thermopile and
the thermal current is measured using & Moll galvenometer whose de-
flection is registered by a drum camera.

The plate is propelled across the beam of the photometer
lamp by & very accurately made screw which is also geared to the drum
camere.. The instrument also records on the sensitive paper of the
camera, lines marking every tenth of a millimeter travelled by the
plate, and a centimeter scale for measuring the galvanometer deflection.

The distance moved by the plate was magnified by four, and
later by eight, in making the photometric curves. The distances measured

between points on & line in a plate were consistent within t 0,02 mm.




30

In using the photometer, the minimum reading for no light
transmitted was set by adjustment of the zero setting of the galvano-
meter. The meximum reading for clear plate was determined by the in-
tensity of the light in the photometer beam. The probable error in
the galvenometer reading was 0,05 cm. This gave a probable error in

concentration of about 2% for low contrast lines.,
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CHAPTER IV - EXPERIMENTAL WORK

I CYCLOTRON IRRADIATIONS

l. The Thrget

As the proton beam of the McGill synchro-cyclotron is not
deflected out of the vacuum chamber it was necessary to mount the
protein on the end of a probe which projected intoe the beam.

Aluminium tubes L/ie” in diameter, with walls 0,005" thick,
were filled with the protein to be irradiated. The ends of the tubes
wore flattened, leaving a center portion 3.5 cm. long filled with
protein. The ends were then clamped to a copper holder fastened to
the end of the probe, which was water cooled. The target and holder
are shown in Fig, 7. The protons in the cyclotron move in & spiral
with an average difference in radius per revolution of about 0.002".

(19) radial oscillations make the difference

However, according to Heary
in radius between successive revolutions as much as ¥ 0,01", so that
irradiation is fairly uniform across the aluminium tube.

The beam current at 10 Mev could be measured by swinging a
copper block into its path. This block absorbed all the protons and

was connected to a galvanometer. The current at this energy for all

n
irradiations was 0,09 ¥ 0,02 micro-amperes and was checked intermittantly .

during exposurese.

2. Dosage Meagurements

The actual dosage of protons delivered to the target could
not be measured but was calculated from ckh’ the fraction of the serum
albumin molecules in which primary ionizations occur per unit time.

The actual proton beam current hitting the protein cannot be
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measured at 50 Mev as the protons all pass completely through it.
Of the 0.09 (-8, measured at 10 Mev, 0.03 ¥ 0.005 «amperes are
lost due to protons hitting the dees and the target holder. Of the
remainder it is estimated that one-sixth are lost due to scattering
from the walls of the aluminium container. This leaves a proton
current of 0.05 /- amperes hitting the protein.

A value of ﬁ>\ for serum albumin was obtained by measuring
the rate of decrease in the enzyme activity of urease with time of
irradiation. Under irradiation this enzyme loses its power to hydrolyse
urea to carbon dioxide and ammonium hydroxide. Urease samples were 1r;
radiated for 5, 15, 30 and 60 seconds with 50 Mev protons. The measured
beam current at 10 Mev was 0,09 ) 4+ mmpe The enzyme activity after ir-
radiation was measured by Mr. L. Fridhandler and compared with that
for unirradiated material. The method used for determining the activity
was to measure the rate of evolution of carbon dioxide. To do this
the enzyme was dissolved in a solution of 10% urea at pH 5. The change
of pressure with time was then measured at constant temperature and con-
verted to micro-litres of carbon dioxide evolved per minute. The ac~-
tivity of the enzyme can be expressed in terms of micro-litres of carbon
dioxide evolved per minute per milligram of urease,

From these measurements a value of A for urease was obtained.
The value of ' 7\ for serum albumin was then found by correcting for the
size of the molecules.

The value of ﬂ for serum albumin was also measured directly
by the following experiment.

It was observed that the portion of serum albumin, irradiated

for five minutes, which was soluble in distilled water did not coagulate
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on heating. Serum albumin unaffected by ionlzing radiations is com-

pletely soluble in water and coagulates on heating . The coagulant

can be removed easily by centrifuging. Assuming that serum albumin |
molecules affected by the irradiation did not coagulate, a measure-
ment could be made of the number of unaffected molecules by weighing
the coagulant.
Samples of serum albumin were irradiated for 10, 15, 30,
90, 120, 150 and 180 seconds. These were mixed with water (10 mg/cc.)
and the insoluble material removed by centrifuging. The solution was
then heated to 100°C. After two minutes the coagulated protein was
removed by centrifuging, and weighed. The percentage of the original
protein recovered was plotted against tin;a of irradiation on a logarith-'
mic scales The slope of this curve gave a value of 4 for serum albumin.
The temperature of the target during irradiation was
80 ¥ 20°C. This was measured by irradiating finely powdered napthalens
(melting point 80°C) using the same method as for the protein. With a
bean current of 0,006 microamperes at 10 Mev, no sign of melting was
founde At 0.009 microamperes the orystals in the centre of the tube
melted and adhered to those at the sides.

Carruthers(u) found that heating serum albumin for ten hours

at 80°C caused no noticeable change in sedimentation.

ITI ULTRACENTRIFUGE MEASUREMENTS

l. Calibration of Plates and the Concentration Scale

The concentration of protein at any point in the rotating cell
was found using the photometer, by comparing the galvenometer reading at = -

that point with a curve of galvanometer reading versus concentration.
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This curve is referred to as the concentration scale,

A concentration scale was prepared for all the spectrum
lines on which measurements were made; also for each plate used in
sedimentation exporiments because of variation of the blackening
characteristics among the plates.

In making concentration scales the rotating cell was filled
with water. Another cell, filled with the solution of protein to be
investigated, was placed immediately in front of the spectrograph slit.
A sufficient number of exposures were made with varying concentrations
of protein in this cell to plot a concentration scale. While making
exposures the rotor was kept spinning at 500 r.p.s. to avoid any inter-
mittancy offect(zs). Exposure times and light intensity were the same
as those used in sedimentation experiments. In making exposures during
sedimentation experiments the cell in front of the spectrograph was kept
filled with water. |

It was not practical to put a concentration scale directly on
each plate when more than one plate was used per sedimentation experiment.
Instead, the blackening characteristic of each plate was plotted as a
curve of galvanometer reading versus logarithm of the time of exposure,
from calibration marks made by varying the exposure time from six seconds
to one minute, In making these exposures the rotor was spinning as be-
fore and both cells were filled with water,

According to the reciprocity law of Bunsen and Roscoe(zo).

the blackening of a plate in time, t, due to intensity of light, I, is

#pecified by the product Ixt , independently of I and t. Hence, curves

of photometer readings versus the logarithm of t with I constant are the

same as those that would be obtained by plotting against logarithm of I
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with t constant. These curves can then be called curves of photo-
meter reading versus logerithm (Ix t).

Each photometer reading for the blackening obtained from
a known concentration of protein then corresponds to a value of
loglo(Ix t) taken from the calibration curve of the same plate.

Plotting walues of log (Ix t) against the corresponding concentrations

gives a curve whose equation 1s
1=1 ek (21)

or log:l oI = logloIo’-i ke log,, ® (22)

where I is the original intensity of the light,
I is the intensity after absorption,
C is the conocentration of absorber

and k the absorption constant.

These absorption curves were independent of the plate
characteristice To obtain the concentration scale for any other plate
the absorption curves were used with the calibration curve for that
plate in the reverse manner. The straight lines ebt_ainod for the ab-
sorption curves of equation (22) show that the reciprocity law was

obeyed for the exposure times and intensities used in these experiments.

2. Absorption Measurements

Absorption curves were drawn for each spectral line on which
sedinentation measurements were made, in order to make concentration
scales. The slope of these lines gives the absorption constant "k".

Concentrations were computed from the original amount of protein available
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disregarding the portion which was insoluble. The real absorption

constant, k1 , is related to that measured by the expression

- k
kl = 0—< (22a)

where G\ is the fraction of irradiated protein which was soluble.
The absorption of haemoglobin for mercury lines at 3906 A4,
2920 A and 2576 A was measured for proton irradiation times of 1/4,

1, 2, 4 and 8 minutes,

Absorption measurements on serum albumin were made for ir-

rediation times of 1, 1.5, 2, 3, 4 and 8 minutes.

3. Sedimentation Experiments

Bovine serum albumin and bovine haemoglobin were obtained
from Armour Laboratories in Chicago; urease from Bios Laboratories,
New York.

The sedimentation of the unirradiated material was measured
at 2920 A for serum albumin and urease, and at 3906 A for haemoglobin.
Irradisted samples for sedimentation and absorption experiments were
kept in their aluminium tubes and preserved in solid carbon dioxide
until used. The period of storage was never more than forty-eight hours,

For all sedimentation and their associated absorption ex-
periments, the proteins were dissolved in acetate buffer solution of
pH 4.75. This solution was made up of 0.1 M sodium acetats and 0.05 M
acetic acid. The concentrations of protein used in the various sedi-
mentation experiments are shown in Table III, page 39. Any insoluble
material associated with the irradiated protein was removed by centri-

fuging before putting the solution into the Svedberg cell.
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Sedimentation experiments were performed with serum
albumin irradiated 1, 1.5, 2, 3, 4 and 8 minutes, on haemoglobin
irradiated 2, 4 and 8 minutes, and urease irradiated 15 and 60
goconds.

The procedure used in operating the centrifuge was as
follows in all ocases.

Ag soon as the rotor was in place the wvacuum pumps were
started and the rest of the appagatus prepared. When the vacuum
pressure was 10-3 mm. of Hg the centrifuge was started and the
quartz mercury arc turned on. To start, the power was slowly in-
creased until input to the motor was 1000 watts at a frequency of
600 cycleq/iecond. After five minutes the speed had risen to 500
r.p.s. The driving frequency was then increased to 840 c/s with
1000 watts input. Ten minutes after starting the rotor speed was
730 rep.s. Acceleration was stopped by lowering the power input to
600 watts. The speed of rotation was monitored constantly by com-
paring it with the 60-cycle mains frequency on an oscilloscope. So
long as power input was constant the rotational speed would not vary
by more than ¥t 2 r.p.s.

As soon as the rotor had reached top speed an exposure
was made using the spectrograph. Subsequent exposures were mads at
half-hour intervals,

The temperature of the rotor was measured before and after
each run. To determine the temperature between exposures it was as-
suned that the temperature rose linearly with time as the run progressed.

Table III gives the main data for each run in this series.




Protein Irradiation Concentration Duration Time between Mean Speed Mean Rotor , Temperature

Time of experiment Exposuregs of Rotation Temp. Rise

minutes mgfoe. - . ... - heurs - - minutes repes. % %

Serum Albumin 0 8.94 2.7 40 703 27.2 3.7
Haemoglobin 0 0.5 2.5 30 734 27.1 3.4
Urease (1) 0 5 1 15 505 25.3 1.5
Urease (2) 0 3 1 15 504 28.8 0.7
Serum Albumin 1 4,5 2 30 735 29.0 2.2
Serum Albumin 1.5 6 2 30 732 27.3 2.5
Serum Albumin 2 8 2 30 731 27.9 1.6
Serum Albumin 3 10 2 30 735 29.6 1.8
Serum Albumin 4 10 2 30 735 29,6 l.1
Serum Albumin 8 10 2 30 730 26.8 2.4
Haemoglobin 2 0.75 2 30 732 25,1 2.5
Haemoglobin 4 0.75 2 30 735 27.3 2.2
Haemoglobin 8 0.75 2 30 733 27.5 2.4
Urease (1) 0.25 3 2 30 734 27.2 2.3
Urease (1) 1 3 3 30 733 26,3 8.3

TABLE III

68



IYTI BLECTRON MICROSCOPE EXAMINATION OF PROTEINS

Haemoglobin, serum albumin and urease were all examined in
the McGill electron mieroscope both before and after irradiation.

The elsctron microscope is an R.C.A. type EMU, capable of
magnifying to 25,000 diemeters and with a resolving power of 3 ms-.

Formvar films were used to support the specimens. These
were made and placed on wire mesh supports using the method des-
cribed by Zworykin(21),

The proteins to be examined were mede up into 0.1%, 0.01%
and 0.001% solutions in distilled water. Any insoluble material was
removed by centrifuging. Distilled water was used as a solvent to
avoid any confusion which might occur due to crystals from a buffer
solution. Single drops of each solution were placed on separate
mounted formver films and allowed to dry. The specimens were then
ready for examination.

Unirradiated serum albumin and haemoglobin could not be seen
using the microscope at any magnification between 6000 and 25,000
diameters. Unirradiated urease, however, consistently showed con-
centrations of spots. These spots were assumed to be individual
molecules as their number varied with varying concentration of
urease in the solution, although their size remained constant.

Samples of serum albumin irradiated for five mimtes

8

(2 x 10° rep) and examined in the electron microscope showed particles

of two sigzes, attributed to aggregation products resulting from ir-
radiation. The number of particles in any field of view varied with

the concentration of the sample solution.




In the electron microscope examination of haemoglobin ir-
radieted for five minmutes no particulate matter could be seen under
any conditions.

Urease irradiated for two minutes showed particles with a

wide distribution in size, mostly larger than the original molecules.
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CHAPTER V - RESULTS

I DOSAGE MEASUREMENTS

l. General

All irradiation experiments were performed using 50 Mev
cyclotron protons. The beam current at 10 Mev was 0,09 ¥ 0,01 4 amp.,
giving an estimated 0,05 /- 8mp. on the target. The dosage rate was
calculated from equation (12), using an everage value of A for
serum albumin. Values of /I\ for serum albumin were obtained from
measurements on the rate of decrease under irradiation of the en-
gyme activity of urease, the amount of serum albumin recovered by

coagulation and by calculation from the estimated beam current.

2. Experiments with Urease

Fig. 8 shows the percentage of the original ensyme activity
of urease remaining after irradiation, plotted against time of ir-
radiation. The unirradiated urease evolved 21,0 /ul/mi.n./mg. of
carbon dioxide when mixed with 10% urea at pH §, at 38°C.

The value of ’lu for urease was found from the time, T%,
at which the activity of the urease had decreased to one-half its

original value, using the equation

1 0.693

u T%

= 0,028 secondu-l

(23)

/A nas been related to the volume, V, of the molecule by the relation (8) . —-

A=va (8)
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where J is the number of primery lonigetions formed per cubic
centimeter per second in the target.
Hence, /’\u for urease is related to ﬁs for serum albumin

by the equation

v

where Vu and V’ are the volumes of the urease and serum albumin mole-~
cules respsectively.
Assuming the volumes of the molecules in equation (24) to be

proportional to molecular welghts,

M 68,000
N = A B = 0,028 x ——leca

8 u Mh 480,000
= 0.004 Sec.t
(9,25)
Setlow has indicated that the whole molecule of

ureese may not be radiosensitive, as measured by enzyme desctivetion,
to formetion of & single ion peir anywhere in the molecule.

In equation (8)

A =v7 (8)

u
/l‘l is the probability per unit time that a primery ioni-

zation will occur in a ureese molecule.

As measured experimentally, ﬂ"‘ is the probebility per unit
time that a urease molecule will be deactivated.

In the present case an average cluster of three ion pairs is
formed per primary ionigation. Since the fraction of the geometricel
volume of the uresse molecule which is radiosensitive is unknown, it

has been assumed that it is not less than one-third, so that the two
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values of /A can be considered equal.
If the sensitive volume 1s less than this the value of

for serum albumin has been underestimated.

3. Experiments on Serum Albumin

Fig. 9 shows the percentage of serum albumin recovered by
coagulation from solutions of irradiated material in distilled water
plotted against time of irradiation. Equetion (23) was used to de-

termine q.. This gave
A o = 0016 seconds™! .

Another value of as can be calculated from equations (10)

end (12) end the estimeted beam current.

i.%%lix

v x83

x 1.6 x 1012

]
]

(10)

i=6x 10"8 emperes

11

3.1 x 10 amperes/sec.

10.6 x 10° ev./cm., from Table I,

&g

Ax = 0,12 cm., the average path length across the
1/16" diemeter target,
v =2x 10‘-2 ¢0s, the volume of the protein terget,

giving r=3.8 x 10° rep/sec.

From equation (12)

r = 6.8 ')' x 107 rep/sec. (12)

. A _ 3.8x10°
e 8-608x10

= 0,006 seconds~l |
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The average of the three values of /l’ gives

/k s = 0.009 ¥ 0.004 seconds™1,

Using equation (12) this gives for the dosage rate, r,

r=6.1%t2,7x 105 rop/sec.

The fractions of serum albumin molecules in which one and
two primary ionigetions have teken place ere plotted egainst irredia-
tion tims in Fig. 10 from equetions (3) and (5), using ‘A= 0,009 Sec.

A ocurve plotted from equation (8) for the fraction of mole~
cules in which one, and onEl-y one, primary ionigetion has occourred is
elso shown. This curve has a maximum at irradiation time

-
mex A4

= 111 seconds .

IT ABSORPTION MEASUREMENTS

1. Absorption Curves and Concentration Scales

Absorption curves for haemoglobin irradiated two mimites are
shown in Fig. 11, for wavelengths 2576 A, 2920 A and 3906 A. Concen-
tration scales drawn from these curves and the calibration curves of
Fig. 12 are shown in Fig. 13.

The concentration scales show the absorption of a homogeneous
mixture of protein fragments. The solutes whose eoncentrations were
measured by ultra-violet absorption, howe_ver » consisted of particles of
different sizes distributed in the rotating cell according to their
molecular weights. The concentration scales therefore gave only approxi-

mate relative concentrations of solute.
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The epproximation is accurate for high eoncentrations of
solute where separation into particles of different sizes is small,
For low concentrations of smell particle sizes, found near the
‘meniscus in the Svedberg cell, the approximation gives relative con-
centrations liable to error. The magnitude of these errors depends
upon how the ultra-viclet sbsorption of the small particles differs

from that of the remainder of the solute.

2. Serum Albumin

Absorption eonstants, k, measured at wavelengths 2676 A and
2920 A, are shown in Table VII, page , for serum albumin irradieted
0, 1, 1.5, 2, 35, 4 and 8 minutes. The percentege changes in k are
plotted against irredistion time in Fig. 14, Errors of ¥ 10%, indi-
cated on the individual points, are estimated from the reproducibility
of the meesurements, These varistions were attributed to the non=-
uniformity of the irradiations; measurements made on unirradlated
materisl were consistent within two or three percent.

The maximum decrease in absorption with irradiation of 40%
was reached after five minutes of irradietion. After five minutes!'
irradietion only 20% of the albumin was soluble. Thus, the absorption
of the protein which was soluble must have increased by & factor of
three at the two wavelengths where measurements were mads,

The ultra-violet absorption spectrum of serum albumin hes &
meximum at 2800 A, Absorption decreases to zero at 3000 A, to a mini-
mum &t 2600 A and then rises again at lower wavelengths. Absorption . -

below 2600 A is due mainly to peptide bonds«. At 2800 A the absorption
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is due to the benzene ring structure of the amino acids tryptophane
and tyrosine. The increased absorption at 2576 A and 2920 i of the
irradisted materiel in solution is probably due to a shifting of the
whole absorption spectrum toward the higher wavelengths., After 1r-
radistion with elpha particles Carruthers found that the abgorption
spectrum of serum albumin extended into the visible region.

The absorption of water vapour by albumin before irradistion
had a profound effect on the sbsorption constant. On & particularly
humid day this effect lowered the absorption constants at both wave-
lengths by a factor of two. Consistent results were again obtained
when the protein was dried under vacuum for five hours before ir-
radiation.

3. Haemoglobin

The sbsorption constants, k, at wavelengths 2576 :., 2920 Z
and 3906 A are shown in Teble IX, page 84 , for haemoglobin irradiated
0, 1/4, 2, A and 8 minutes. The percentsge changes in k are plotted
against irrediation time for wavelengths 2576 A and 2920 4 in Fig. 15,
end for 3906 A in Fig. 16, The probable errors indicated are the
same a8 those for serum albumin.

The solubility of haemoglobin was unaffected by proton ir-
radiation for times up to eight minutes. The absorption constents, k
and k;, of equation (222 ) are therefore the same. It is seen that at
2676 1 and 2920 K the absorption constant rises with inereasing dosage
aes do the corrected absorption constants for serum albumin. At 3906 A:,
however, the absorption constant is decreased by irradiation.

The ultra-violet absorption spectrum of haemoglobin below

o <
3000 A is similar to that of serum albumin. Above 3000 A, however, it
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absorbs far into the visible region, giving the protein its red
color. The ebsorption above 3000 oA is due to the pyrrole group
conteining iron. Decrease in absorption at 3906 A with irrediation
may be due to a breekage in some bonds in this group or to a

ehange in valence of the iron atom in the group.

The incresse in absorption at 2576 A is probably as in
serum albumin due to a shifting of the whole absorption spectrum to
higher wavelengths, At 2920 1, however, it is observed thet the
points showing the change in absorption with irradistion time do
not fall on & smooth curve as do those at 2576 K and 3906 i. This
is due to the shift in the absorption meximum of globin to higher
wavelengths, tending to increase the ebsorption at 2920 A , and the

decrease in absorption of the pyrrole group tending to decrease it.

IIT UNIRRADIATED PROTEINS

l. Serum Albumin

The bovine serum albumin wes prepered by Armour Laboratories
according to methods described by Cohn, Hughes and‘lease(zz).

The sedimentation constent measured from the movement of the

3

diffusion boundery at 2920 K was 4.4 x 10"'1 seconds. This agrees

with the sedimentation constent of 4.5 x 10"13 seconds found by

22) within the limits of experimental error. The value

13

Oncley(
5.3 x 10 geconds, found from the decrease in concentration at the

periphery of the cell indicates the presence of some heavier impurities.
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2. Heemoglobin

The bovine heemoglobin obtained from Armour Laboratorlies
was & orude preparation. The sedimentation constants at 3906 L.
meagured from movement of the diffusion boundery and decrease in
concentration at the periphery of the cell, were 3.3 x 10~1% seconds
end 6.5 x 10-15 seoconds respectively. The value, given by Svedberg(ls)
for horse end human heemoglobin, is 4.4 x 10~1% seconds.

The solution was thus polydisperse with impurities present
whose molecular weighte are both smaller and larger than that of

haemoglobin, No non-sedimenting materlal was detected.

The sedimentation constant of urease, measured by Sumner(zs),
is 18,6 x 10-13 seconds. Two different lots of urease, however,
showed no sedimentation at all after two hours of centrifuging at
58,500 g (500 r.pe.s.), due to the presence of impurities of low mole-
culer weight. These impurities masked any effect of irradiation on
the urease molecules when examined in the ultracentrifuge; therefore
no results were obteined from sedimentation experiments with this

protein.

Iv  SEDIMENTATION EXPERIMENTS ON IRRADIATED PROTEINS

l. General

Al]l three proteins had a disegreeable odor after irradiation.
Serum albumin had a yellowish tint and the color of haemoglobin wes

darkened. Color changes were not obvious in solution. Duggar(24)
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mentions similar odors and changes in color associated with the ir-
radiation of proteins with ultra-violet light. The odor was assoc-
fated only with the irradiated material and hence was not due to
bacterial action.

Serum albumin irradiated with 50 Mev protons for five
minutes, at a dosage rate of 6.1 x 10* rep/sec., was only 20% soluble
in acetate buffer solution pH 4.76. The solubilities of haemoglobin
and urease irrediated for times up to eight minutes at the same dosege
rate were unaffected.

Mercury lines at 2576 i and 2920 K were photometered for
sedimentation measurements on serum albumin irradiated 1, 1.5, 2, 3,

4 and 8 minutes. For haemoglobin irrediated 2, 4 and 8 minutes these
two lines, and also that at 3906 1, were photometered.

The following measurements were mde on the photometer curves:

(1) The sedimentstion constant was calculated from the rate of move-
ment of the diffusion boundery, using equation (18).
Sample calculetions on the photometer curves of Fig. 20, for
serum albumin irradiated two minutes, are shown in Table IV and
Table Vo The following symbols eare used in these tablest
:l:1 is the position on the photometer sheet of the first index

in the counter-balance.

I, 1is the position of the second index on the photometer sheet.
y 1is the position on the photometer sheet of the center of the

I, + I
cell; this is equal to —t_2

mex G.R. 1is the maximum galvenometer reading associated with the
maximum concentration of protein at the periphery of the cell,
mAxX. conce is the maximum concentration found from the maximum

galvanometer reading, using the concentration seale.
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50% conc. 1is the mean of the maximum concentration and the

G.R.
60

50

1
Ts0

r
50
Ar

minimum concentretion associated with non-sedimenting
material.

i1s the galvanometer reading obtained from the concen-
tration scale for the mean concentration above.

is the position of the point on the photometer sheet
where concentration on the diffusion boundery is the

mean concentration. This is referred to as the 50% point.
is the distance from the 50% point to the center of the

cell, This is calculated from the equation

rf = (y- 150)
50 m

where m is the magnification of the spectrograph at this

wavelength. At 2676 E, m = 0,934,

is the distance from the center of rotation to the 50% point.

is the difference between velues of r for a difference in
time between exposures, Ag,
is the mean value of r in the time interval A t.

Other symbols are as used on pages 10 to 14.
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Plates 176, 177, 178.
Bovine Serum Albumin irradiated 2 minutes, 50 Mev protons.
b
Dosage rete = 6.1 x 10 rep/soc.
L]
Line 2576 A

Minimum Concentration l.4 mg./cec.

nax. 50% G.R !
Plate Exposure I 1, y max.G.Be one.  conme. o *so Tso
No. No. ™. T0Me MMe Chle CCe Ilg/oo . Clhe e mike

176 1 0.18 14.32 7.26 11.30 8.00 4.7C 9.56 1.02 6.66
177 2 0.56 14.71 7.63 10,90 6,90 4,16 B8.80 2.75 5.33
177 3 0.38 14,68 7.48 10.856 6,20 3,80 8.45 3.70 4,05
177 4 0.32 14.45 7,39 9.95 5.36 3.38 T.98 4.65 2.94

178 6 0.19 14,35 7.27 9.70 5.00 3,20 7.60 5.04 2,39

PABLE V

Exposure r Ar r w T D
50 t 0/ 0
No. 2 n 3
cme  Cm. cme (“d/°f§) oc sec. r/nzo 20 13
x 10 sec. X 10

1 5,134

0.133 5200 20.9 27.4 1740 0.842 5.92
2 54267

0.128 5.331 21.0 27.8 1800 0.839 5.34
3 6.396

0.111 54450 21.0 28.1 1800 0.836 4.50
4 5. 506 ,

0.056 5.533 21.1 28.6 1800 0.831 2.18

5§  5.561
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Using figures for exposures #1and #2,

Ar/At B9
e At 2 1)

w !'m 20

_ 0,133 x 0.842
20,9 x 10° x 5,200 x 1740

= 5,92 x 10~1% seconds.

Mean Séo =4,6%1,1x 10~1% geconds.

13

= 4,8 ¥ 1.1 x 10~ seconds.

The decreease in the sedimentation constant with time as the
solute sediments towards the periphery of the cell shows that the
solute is polydisperse. The sedimentation constants for irradisted
proteins have been listed with the probable errors. The probable
error gives a measure of polydispersity for the solute. The uncertainty

in probeble error calculated from four measurements is 25%.

(11) The sedimentation constant calculeted using equation (19) was
attributed to eaggregation products. The molecular weights corresponding
to these sedimentation constants, taken from Fig. 27, page 80, are in
good agreement with those estimated from electron microgrephs of ir-
rediated serum albumin.

The concentration of aggregation products was estimated by
compering the decrease in concentration at the periphery of the cell,
after two hours' sedimentation, with that of normal protein.

Table VI shows calculations made at 2576 i on the decrease of

concentration in the cell.
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TABLE VI
Bxp. Melx. ' n%n° ) 1dg, Cl nOpo
No? Conc. T/ 20 w? ] dtloaz nmyh2°l°glocl/bi .t
2 =
(rad/bgg) (raq/hoc)'zx 10° sec.
mg/ce.  °C x 10 ‘ ' '
1 8,00 27.2 0.844 20.9 1 0 0 720
2 6,90 27.6 0.840 20.9 1,160 0,0645 2.60 2460
3 6420 28.0 0.837 21.1 1,290 0.1106 4,39 4260
4 5,36 28.3 0.833 21.1 1,496 0.1746 6.89 6060
5 5,00 28,7 0.829 21,2 1.600 0.2041 8.00 7860

The following symbols have been used in Table VI.
the average tempereture of the rotor from the first exposure to
the timﬂ, t.

average angular frequency from the first exposure to the time, t.

ratio of the initial meximum concentration to the maximm at

exposure, i.

1 o/n?
In Fig. 24, page 78, _ 610 C1/Cs (09/%50) 14 been plotted

-

againgt t. The slope of this curve, tan‘ﬁ, gives the sedimentation

constant using the equation

g =—2nf
20 2 logolo
= 10.50 x 10-9 x l
10,000 0.869
= 12,1 x 10"2° seconds™!.
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= 1,07 8¢
s20 20

= 1% x ].0”13 seconds.

The concentration at the periphery of the cell after two
hours of centrifuging at 125,000 g was 63% of the original concen=
tration. After sedimenting for the same time under the same con-
ditions, the relative concentretion of unirradiated serum albumin
decressed to 81%., The difference of 18% is ascribed to aggregation
products. The assumption that after two hours of sedimentation the
bulk of the aggregation products have been removed from the solution
is supported by the fact that the distribution in the cell of these
particles was approaching equilibrium, as shown by the increase in
back diffusion.

Tables VII and IX show the results obtained from absorption
and sedimentation experiments on serum albumin and haemoglobin re-
spectively. Table VII is divided into two parts and Table IX into
three parts, showing the results obtained at the two different wave-
lengths for serum albumin and the three different wavelengths for
haemoglobin.

Results have been listed under the following headings:

820 - diffusion boundary « column 3, refers to the average sedi-
mentation constant measured from the rate of movement of the
diffusion boundary. The uncertainty listed is the probable
error, showing the spread in the four values measured as these
decreased as sedimentation progressed.

S20 - aggregates - column 4, refers to the sedimentation constant

calculated from the decrease in concentration of the protein in

the periphery of the cell.
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Relative concentration of aggregates - column 5, is obtained by
comparing the decrease in concentration after two hours of
sedimentation with the decrease in concentration of normal
serum albumin under the same conditions.

Relative concentretion of non-sedimenting material - column 6 =
ghows the relative concentration of non-sedimenting material
in the rotating cell. This material remained at the meniscus
after two hours of centrifuging. Only small fragments were
present here. The concentration scale gave a good approxi-
mation to the relative concentration only when the distribution
in size of fragments in solution was not too different from
that in the solution which had not been centrifugeds The ab-
sorption constant probably varies directly as some positive
power of the molecular weight of the particles., This would
-raise the true relative concentration of these particles,
measured as a percentage by weight. Their percentage by number

would be considerably higher.




Regults of sedimentation and absorption experiments on gserum albumin

o
Results at 2576 A

Results at 2920 4

S S

Rel.Conc.

“ne 0 S0 e Remesds  E pueailn 20 aeees tomeed.
giﬁ;::;n Aggreg- Material Boundary  AE8F%E* Matorial

minutes (mg/ec)-l secx 10]'3 geex 100 % % (m&/cc)-l secx 102)13 sec x 10]'3 A %

0 0.261 4.4 % 0.3 5.2 0 ) 0.177 not measured

1 0.289 4.5% 0,2 12 21 0 0.186 4.6 ¥ 0.5 12 21 0

1.5 0.203 4.6 * 0.7 15 29 2 0,137 4.5+ 1.3 20 33 0

2 0.200 4.8%11 13 27 10 0.129 4.9t 1.3 17 31 12

{o.zs

3 0.144 3.4t 0,5 14 30 12 0.085 3.7 % 0.7 20 42 8

4 0.154 3.0 1,0 14 19 30 0.107 3.2% 1.0 14 28 30

8 not measured 50 0.102 not measured 6.1 9 50

0.150

TABLE VII

99




67

2., Serum Albumin

A) Photometer Curves. Photometer curves of the line at

2920 K, showing the sedimentation of unirradiated serum albumin,
are shown in Fig. 17. Figs. 18 and 19 show photometer curves of
the lines at 2576 A and 2920 A for serum slbumin irradiated one
minuts, Figs. 20 and 21 for two minutes' irradiation, and Fig. 22
and 23 for four minutes' irradiation.

Considering the photometer curves of albumin irradiated
one minute, shown in Figs. 18 and 19, there was clearly a differ-
ence in the sedimentation near the meniscus at the two different
wavelengths,.

BExposure # 1 in Figs. 18 and 19 corresponds to the distri-
bution of protein in the cell when the rotor has been running at
full speed for one minmute. At 2920 A the meniscus at the point
marked "m" was clearly defined, while at 2676 A it was barely evident
as a slight bend in the diffusion boundary. In Exposure # 2 (one-
half hour later) at 2920 A sedimentation was well clear of the menis-
cus and the concentration of material absorbing at this wavelength
next to the meniscus was zero. At 2576 K the oonéentration of
material next to the menisous was 5%.

The difference in the sedimentation of small fragments
measured at the two wavelengths is shown more distinctly in Figs. 20
and 21, These figures show photometer curves at 2576 A and 2920 A

for serum albumin irradiated for two mimites,
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At 2576 A, particles of two distinctly different sizes
sedimenting at different speeds caused a discontinuity in the dif-
fusion boundary. The large particles in high concentration had a

13 seconds, giving them a

sedimentation constant of 4.8 ¥ 1,1 x 10~
distridbution in molecular weight about that of unirradiated serum
albumin. The lowest sedimentation constant measured on this part

13 seconds.

of the boundary was S5, = 2.0 x 10

The second diffusion boundary which separated from the main
diffusion boundary approximately one hour after sedimentation began
is shown in exposures 3, 4 and 5 of Fig. 20, marked "d". The par-
ticles causing this second boundary hed a sedimentation constant of
2.5 x 10" seconds. This wes measured by the movement of the boun-
dary between exposures 3 and 5.

The gram molecular weight corresponding to a diffusion con-
stant of 2.5 x 10-14 seconds, from Fig. 27, is 1000. The relative
concentration of these fragments was 6%.

There is no discontinuity in the diffusion boundary at the
wavelength 2920 K, shown in Fig. 21, If the fragmonts absorbed egually
on this line a dip in the photometer curve of 0.5 cm. would be expected.

Photometer curves for the sedimentation experiments on serum
albumin irradiated 1.5 minutes resembled those for serum albumin ir-
radiated 1 minute. Photometer curves for experiments on albumin irrad-
fated 3 minutes resembled those for the 2-minute irradiation, except
that the average size of fragments present decreased. This made the
separation of the two diffusion boundaries smaller,

Figs. 22 and 23 show photometer curves for serum albumin ir-

radiated four minutes. In this case the average size of the fragments
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in solution again decreased. The distribution in size of the
fragments was contimous from particles which did not sediment

at all to normal serum albumin molecules.

b) Diffusion Boundary Measurements. The average sedimen-

tation constant measured from the rate of movement of the diffusion
boundary remained equal to that for serum albumin for irradiation
times up to thres minutes although the polydispersity, as measured
by the probable error, increassed. This effect was attributed to
the presence of albumin unaffected by the irradiation which for a
two-minute irradiation was estimested at 73% of the solute. This
percentage was estimated in the following way.

From Fig. 10, fraction of molecules unaffected by ir-
radiation = 34%., This fraction is completely soluble.

Of the molecules affected by irradiation, only 1/5 are
soluble from measurements on solubility after irradiation for five
minutes,

This gives for the fraction of the protein which was soluble - 13%.

Thus, the fraction of the original protein in the solution
was 47%, and of this the relative concentration of unaffected serum
albumin molecules was 73%.

After four minutes' irradiation the relative concentration
of unaffected molecules in solution was only 38%.

The decrease in concentration of unaffected albumin molecules
was, however, not the only cause of the decrease in average sedimen-
tation constant, The number of small fragments, both non-sedimenting and

sedimenting, also increased. The concentration of non-gedimenting
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fragments became so high after irradiation for eight minutes that no
meagurement could be made on the movement of the diffusion boundary.
The average sedimentation constants measured at 2920 A
were & little higher than those measured at 2576 A. The probable
errors are also higher. In general, smaller fragments did not absorb
as much at 2920 i as at 2676 1. In addition the sedimentation con-
stant, as measured from the decrease in concentration at the periphery
of the cell, was higher at 2920 K, indicating that the absorption of
aggregation products was higher at this wavelength. These aggregates
would also have an effect on the sedimentation constant measured from

the diffusion boundary.

c) Aggregation Products. Aggpegation products were found to

be present in high concentration for all irradiation times of less
than eight minutes. The average of the ten measurements gives a vaiue
for the sedimentation constant measured from the decrease in concen-
tration at the periphery of the cell, of 15 x 10713 seconds. This
corresponds to & gram molecular weight of 420,000, from Fig. 27, page 80.
Electron micrographs of unirradiated urease and serum al-
bumin irradiated for five minutes are shown in Figs. 25 and 26. The
magnification is approximately 17,000 diameters.
In Fig. 26, the electron micrograph of irradiated serum
albumin, three different sizes of particles can be distinguished.
1) Very small particles appear faintly in the background. The
diemeter of these particles is comparable with the limit of resolution
of the electron microscope, 3 T/af. Their size is thus comparable to

that of normal serum albumin molecules, diameter 4.4 fyk.
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ii) Very large particles with diameters at least twice that of
the urease molecules shown in Fig. 25 are apparent. Since urease
molecules have & gram molecular weight of 480,000, the molecular
weight of these particles is approximately 4 x 106. The corresponding
sedimentation constant, 7 x 10”12 seconds (from Fig. 27) is so high
that these particles would sediment to the bottom of the cell before
the centrifuge rotor reached its full speed of 730 rep.s.

111) Particles of size intermediate between these extremes can
also be seen. Their diameters are comparable in size to that of the
urease molecules of Fig. 25, giving them a gram molecular weight of
approximately 500,000 This is in good agreement with the gram mole-
cular weight (420,000) estimated from the sedimentation constant
measured by rate of decresse in concentration at the periphery of the
cell.

After eight minutes' irradiation the sedimentation constant,
measured by the rate of decrease in concentration at the periphery of
the cell, dropped from the value of 14 x 10~1% geconds aftor‘four
minutes' irradiation, to 6 x 10713 seconds. The total change in rela-
tive concentration was only 9% different from that of normal serum
elbumine It is probable that in this run very few aggregation products
were present,

Table VII shows the various breakdown products as percentages
by weight of serum albumin irradiated two and four minutes. In making

these calculations Fig. 10 has been used to find the number of mole-

cules in which a primary ionization occurred. Of these, 207 were assumed

to be soluble,
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For calculations on fragments other than the_insoluble
products the concentrations measured at 2576 2, from Table VII, were
used. No calculation could be made of the fraction of material in
solution which had approximately the same size as unaffected protein.
It is estimated that these would amount to five or ten percent of

the irradiated material.

TABLE VIII
2 minmutes 4 minutes

Insoluble materisl 52% 72%
Unaffected protein 34% 11%
Non-gedimenting fragments 5% 9%
Slowly sedimenting fragments 3%
Aggregation products - 8% %

Total 102% 99%

3. Haemoglobin
Results of sedimentation experiments on haemoglobin ir-

radiated 2, 4 and 8 minutes, and absorption experiments for haemo-
globin irradiated O, L/4, 1, 2, 4 and 8 minutes, are shown in Table IX.
The column headings in this table are the same as in Teble VII. The
effect of proton irradiation on this protein was altogether different
from its effect on serum albumin,

i) Irradiation had no effect on the solubility of the protein for

irrediation times up to eight minutes.
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11) No aggregation products were observed until after eight
minutes' irradiation. This was confirmed by electron microscope
examination of heemoglobin irradiated five minutes. No sign of
aggregation products was found,

1ii) Although the light absorption at 2578 K and 2920 Z increased
as did the absorption of serum albumin when corrected for solubillity,
the absorption at 3906 2 decreasged.

No non-sedimenting material was found at 3906 A . Non-sedi-
menting material found at 2920 1 and 2576 A was found in relative
concentrations that did not follow a consistent pattern.

iv) The effect of impurities on the average sedimentation con-
stants measured by the rate of movement of the diffusion boundary at
2676 A and 2920 A is unknown. They remained fairly constant, however,
for two and four mimutes at thelf regpective values of 4.0 x 19‘13 sec.
and 3.7 x 10"'13 seconds, after eight minutes' irradiation. The sedimen-
tation constant measured at 3906 1 rose slightly with time of irradiation

13 seconds for the unirradiated protein, to 4.0 x 10'13 secC.

from 3.3 x 10
for protein irradiated eight mimutes. The particles sedimenting on this
line were slightly less polydisperse, as measured by the probable error,
than on the other lines.

Since this molecule has the same molecular wéight as serum
albumin, the analysis of the number of molecules affected by the ir-
radiation should be the same. This was confirmed by the changes in

the absorption constants shown in Fig. 15 and Fig. 16.
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JABLE IX

\

Results of sedimentation and absorption experiments on haemoglobin.

Irrad. 850 820 Rel. Conc. Rel. Conec.
Time k Diffusion Aggregate Aggregate Non-sed.
Boundary : Material

13

“mine (mg/cso:s)"1 gsec x 10 sec x 10%° % %

Line 2576 A

0 1.14

0.25  1.4%

1 1,62

2 1.69 4,2t 1,0 4.8 0 10

4 1,47 4,3t 0.8 6.1 0 0

8 1.91 3.0% 0.8 16 17 10
Line 2920 K

0 0,99

0.25  1.06

1 1.04

2 1.39 3.8+ 0.6 9.2 5 0

4 1.25 4,0t 1,3 8.1 5 20

8 1,54 2.7t 0.3 14 17 0
Line 3906 4

0 3.45 3.3% 0.4 6.9

026  2.85

1 2,43

2 2.68 3.6 % 0.5 8.7 5 0

4 1.92 4,5t 0.7 8.8 5 0

8 2.43 43% 0,4 18 17 0




86

CHAPTER VI - CONCLUSIONS
erosrere s

I IRRADIATED SERUM ALBUMIN

i) The dosage rate of 50 Mev protons with which serum albumin
and haemoglobin were irradiated was 6.1 * 2,7 x 10% rep/second.

11) The ultra-violet absorption constents of serum albumin end
haemoglobin changed repidly wifh irradiation times up to five minutes.
After this the percentage changes reme.ined nesrly constent, Calcu-
lations from the measured dosage rate show that at this irradiation
time & primary ionization had occurred in 93% of the irradiated
molecules.

i1i1) 1In sedimentation experiments on serum albumin irradiated
for times up to three minutes, small fragments were found with a
sedimentation constent of 2.6 x 10"M seconds and an estimated gram
molecular weight of 1000. These did not absorb in the ultra-violet
at 2920 A.

These particles were most evident for serum albumin ir-
radiated two minutes. For irradiation times less then this their
concentration was not high enough to allow a measurement of the sedi-
mentation constant. For longer irradietion times & contimuum of
fragments of comparable size was found.

From Fig. 10 it is seen that for the meesured dosage rate,
the effects of & single primery ionization on molecules of serum
albumin should be most evident after irradiation for 111 seconds. At
this time & maximum number of moleculo; have received one, and only
one, primary ionization. It is concluded that bovine serum albumin

molecules in which only a single primary ionization has occurred break
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up to give fragments of gram moleculer weight 1000 preferentially.
These particles are probably peptides, which do not contain the
amino acid tryptophane, which absorbs very strongly at 2920 i..

The relative concentration of these fragments, as messured by their
absorption at 2576 i, was only about 6%, However, their relative
number might be considerably higher than this if absorption increases
with the size of the molecules.

iv) As the number of primary ionizations occurring in the
serum albumin molecules inoreased, large numbers of small non-
sedimenting fragments were formed. The average size of the sedimenting
particles decreased until a continuum of sizes, including non-
sedimenting fragments and normal serum albumin molecules, was present.

v) For serum albumin irradiated under eight minutes, high
concentrations of aggregation products were found. Their average
gram molecular weight was estimated at 500,000, Using the electron
microscope still larger particles, with a gram moleculer weight esti-
mated at 4,000,000, were seen. After irrediation for eight minutes

no aggregation products were found.

II TIRRADIATED HAEMOGLOBIN

i) Haemoglobin was found to be much more stable under proton
irradiation than was serum albumin. No effects were found in heemo-
globin which could be attributed to & single ilonization per molecuie.
With increasing dosages of protons the material became increasingly
polydisperse, with an average size similar to that of normesl haemo-
globin. No large aggregates were formed until after eight minutes of

irradiations These had a gram molecular weight of about 500,000. Their
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abgence for two and four minute irradiations indicates that at least
three ionizations per molecule ere required before they form in ep-

preciable quantity.
o
The decrease in ebsorption at wavelength 3906 A is ettributed

to & rearrangement of chemical bonds, rather than to preferential
destruction of the haem group. Totel preferential destruction of the
haem group would lead to zero absorption at this wavelength after
five minutés' irradiation. Similerly, changes in chemical bonds in

o o
other groups lead to the inorease in ebsorption at 2576 A and 2920 A.

IIT THE EXPERIMENTAL TECHNIQUE

1. TUltracentrifuge Measurements

It has been shown that the simulteneous measurement of
sedimentetion in different regions of the absorption spectrum is a
very powerful technique in making ultraeentrifuge measurements on
polydisperse systems. In the present work the technique was limited
by the small number of mercury lines in which measurements could be
made. A light source giving a continuous spectrum of uniform inten-
sity from 2200 R to 5000 A would be preferable to the mercury arc.

A hydrogen arc would be excellent for this purpose.

The use of the same technique in the infra-red region, where

absorption can be associated more closely with constituents of the

molecules, might prove fruitful.

2. Irradiation of the Proteins

The irradiations suffer from the fact that the beam current,

and hence the dosage of protons hitting the protein target, cannot be
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measured accurately. For such measurements the beam should be
focussed on the target, mounted in a Feraday cup to collect the
protons. This would in practice necessitate that the beam be ex-

tracted from the cyclotron tank.

3+ The Apperatus

Operation of the centrifuge at 100 r.p.s. would increase
the radial acceleration from 125,000 g, achieved at 730 r.p.s., to
234,000 go To attain 1000 re.p.s. & new rotor which has a stronger
beam holding the cell in place, is required. At this higher speed
i1t would no doubt be possible to resolve more fragments than was
possible in the present work,

Wear in the centrifuge bearings is caused chiefly by reson-
ances in the rotating system in acceleration and decceleration., The
newly designed bearings were found to be very satisfectory, lasting

for at least thirty high-speed runs, each of several hours!' duration.
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