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SUJWARY 

Dry bovine serum albumin and bovine haemoglobin have 

been irradiated with 50 Kev cyclotron protons. The measured 

dosage rate was 6.1 t 2.7 x 105 rep/second. Irradiation times 

varied tram one to eight minutes. 

Fragments or gram molecular weight estimated at 1000 

were round in sedimentation experimenta on serum albumin ir-

7 radiated with 7.3 x 10 rep. These fragments did not absorb 
0 

at 2920 A. It was concluded that molecules or serum albumin 

in which a single primary ioniza ti on occurs are broken pre fer-

entially at one point to give fragments or this aize. 

Sedimentation experimenta on haemoglobin irradiated 

e with dosages of protons up to 3 x 10 rep showed that little 

fragmentation bad occurred. 

For serum albumin, the ultra-Tiolet absorption at 
D 0 

2576 A and 2920 A inoreased by a factor of three arter a pri-

mary ionisation had occurred in 93% of the lrradiated molecules. 

The absorption of haemoglobin at the same wavelengtha increased 

by 50%. !hese changes were attributed to a shift in the maximum 

absorption band towards the visible end of the spectrum. At 

3906 A the absorption of haemoglobin decreased by 5o%. 
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CRAPTER I - IN'.ŒODUC TION 

One way in •hich the internal structure ot large molecules 

oan be studied is by the examination of the effeots on the molecules 

of various ionidng radiations. In the present work the breakdown 

produots of bovine haemoglobin and serum albumin irradiated in the 

dry state •ith 50 Mev protons have been studied using an ultraoentri­

fuge. Dosages varied from 4 x 10
7 

rep# to 3 x 108 rep in irradiations 

or from one to eight minutes duration. The rate ot energy .losa of 

protons at this energy is law enough so that not more than one primary 

ionization is likely to be produoed by a proton crossing a molecule 

or either of these proteina. The seoondary electron ejeoted in a 

primary ionization initiates, on the average, two other seoondary 

ionizàtions within a distance equal to the radius of a serum albumln 

molecule. 

By using an ultra-violet speotrograph as a camera for the 

ultraoentrifuge, the sedimentation ot the fragments .as studied in 

several regions of the absorption spectrwm at one time. 

The irradiated proteins were also examined with an electron 

microscope for aggregation products. 

T.hese experimenta show that a single primary lonization oc­

ourring in molecules of serum albumln produoe small fragments whose 

gram moleoular •eight is estimated at 1000. Aggregation producta with 

gram molecular weights estimated at 5 ~ 105 and 4 x 106 were also 

round. For two and three pr~ry ionizations per molecule a large 

# The rep has been detined by Parker(!) as that "dose" or any ionizing 
radiationwhioh produoes energy absorption or 83 ergs/co. of tissue. 
Rep is an abbreviation for roentgen equivalent phyaical. 
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number of very small fragments are produced and the production of 

lar~e aggregates ceases. 

No effecta were round ln baemoglobin which could be ascribed 

to single prtœary ionisations oecurring in individual molecules. In­

atead. the material became increasingly polydiaperse with inereaaing 

dosages of radiation. 

It il concluded the. t in serum albumin molecules there are 

regions which would be deseribed by Lea(2) as radioeensitiTe. From 

these,tragmenta of tairly uniform aize are broken ott. In haemoglobin, 

on the other hand. there ia little fragmentation. Ionisations within 

the molecules merely cause rearrangement of the lnter.tJal eheaical bend1. 

AA extensive revin of the etfeota of ionhing radiations on 

viruses and other large molecules has been given by Lea(2). He has 

shawn that in small and medium shed viru.sea (diaaeters from 16 m)'"to 

70 •)') an ionization anywhere in the molecule le sutficient to in­

aoti~te the virus. In the case of large viruses (diametere of the 

order of 200 ~) large diacrepanciea were round between the aize eati­

mated from irradiation experimenta and the actual sises. He postulate1 

that in the latter case the whole TOlume of the molecule ia not radio-

sensitive. He denotes as radioaensitive those parts of the molecule 

essential to the inteotivity ot the virus. so that ohemical change in 

thoae parts tollowing ionisation leads to losa of infeotivi ty. 

A group at Yale Univeraity(s-g) ha1 atudied various proteina. 

enzymes and viru.sea bombarded by 4 Kev deuterons, X-raya and law TOl tage 

electrons (o-100 volts). Measurements have been made on molecular de-

acti~tion croas-1ections and oompared with those computed trom moleoular 

sise. 
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Pollard and D~ond(4). by measuring the intectivi~ of tobacoo 

mosaic virus after irradiation with deuterons 1 bave shawn that the 

whole molecule la radiolensitive. However, they also found that the 

infectivi~ may be reduced below one percent without affecting the 

abillty of the molecules to combine with anti-serum(9). !hey attribute 

this large difference in molecular cross-section to the difference in 

the number and energy of the chemical bonds which are specifie tor the 

two reactions. 

Svedberg and Brohult(lO) irradiated solutions or haemocyanin, 

haemoglobin and serum albumin with alpha particles from radon diseolved 

in the solutions at the temperature of liquid air. !hey then 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 observed. In 11.8 days the number of alpha particles 

per cubio centtmeter of solution was 5.8 x 1012• The average energy of 

the alpha particles from Rn. RnA. and RaC la 6.4 Mev. The dosage cal­

eulated trQm these figures ia appraxtmately 7 x 105 rep. Twenty-eight 

percent of the haemooyanin molecules were changed by the radiation. The 

moleoular cross section of haemoglobin and serum albumln is approxlmately 

one tenth that of haemooyanin so that no effect on these proteine would 

be expeoted with this do1age of alpha partioles. 

Carruthers(ll) studied the breakdown of dry bovine serum albumin 

under alpha partiale bombardment. !he irradiations were made by mixing 

the proteln wlth powdered boron and irradiating the mixture with slow 

neutrons in the nuolear pile of the National Researoh Counoll at Chalk 

River, Ontario. !he neutrons interacted with the boron to produoe alpha 
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particles and recoil lithium nucleii. With this method dosages 

estimated at 5 x 107 rep were obta.ined. 1be 5 Mev alpha particlea 

produced up to 16 ionisations in crosaing a molecule of serum albumin. 

Carruthers found that. after alpha partiale irradiation. the 

absorption of ultra-violet llght by bovine serum albumln was inoreased 

and extended 1nto the visible region of the speotrum.. He attributed 

the large inerease ln absorption to small fragments broken off the 

protein molecule. It was also evident that large aggregation produots 

were present. He did not. however. attempt to tind out whether.the 

rate of sedimentation in the ultraeentrituge was the same in all regions 

of the absorption speotrum. 

Ma~ experimenta have been performed on proteine irradi&ted 

in solutions. !hese are not comparable with the work desoribed here 

because of the affecta of the ionizing radiations on the solvent. 7he 

subsequent chemioal reactions between the solute and solvant mask the 

direct affects of radiation on the protein. A large bibllography on 

this subjeot is given by tea<2>. Recent exper~ents on the effect of 

ionizing radiation on beat denatur!zation of proteln have been descrlbed 

by Friche<12). !he protein was irradiated in solution wlth S3.000 r. 

ot 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 seconda~ interaction with the solvent. 

Techniques used in ultraoentrltuge experimenta are largely 

those developed by Svedberg and his co-workers<13) between 1!23 and 1933. 

using centrifuges with oil turbine drives. '!he ultracentrituge at McGill 

is of the type developed by Beame<14) between 1933 and 1940. The use of 



the apectrograph as a camera tor the ultraeentritUf;e dispenses with 

the necessity ct ultra-violet tilters and was tirst described by 

Gunton(lS) and Carruthers(ll). 

Betore experimenta were started it was decided to move the 

apparatus from the Physics Building to the Radiation Laboratory at 

:rlcGill University. While it was dilassembled tor this move many im-

provements were made on the centrituge. 'lhe most important of these 

was in the bearings 1 which were eompletely redesigned. 
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CHAPTER II • mEORY 

I PRO'IDN DOSIMETRY 

"i'he breakdown of large molecule,. subjected to ionidng 

radiation is due to chemical changes initiated by ionizations 

ocourring within the molecule. From the oomparison of blological 

efteota or ultra-Tiolet light and ionizing radiations ~a( 2 ) con• 

cluded that the effects of excitation are small compared with those 

of ionisations. Breakdown due to nuclear collision may also be 

neglected. 

High energy protons dissipate most or their energy by 

the ejection of seoondary electrons from atoms in the matter 

through which they pass. 

!he average energy lost per secondary electron is of the 

order of twice the aYerage ionisation potential of the atamic eleot-

rons. Halr of the energy lost by the primary particle appears as 

kinetio ener~y of the seoondary electron. For proteins, composed 

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

ionisation potential ie approximately lOO ev. Electrons of this 

energy, according to Lea( 2), oreate 1.7 lon pairs per milli-micron of 

pa.th and have a range of 3 mr--ln tissue or unit denaity. Bence, a 

secondary electron ejected from an ato. in a serum albumin molecule 

of radius 2.2 mr h likely to cause other ionisations within the 

molecule. 

Conaidering the spread in energy or the seoondary electrons, 

from one to five ionizations might be found in single molecules due to 

the effect of a single secondary electron. !he average numher used by 

Lea ( 2) is three. 
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For 50 Mev protons the distance between successive primary 

ionisations 1s muoh larger than the d1ameter of molecules used in 

this work. Aron. Hof'fu.n and W11Uams(16) have caloulated the rate 

ot energy loes ot high energy protons 1n air; For protein eomposed 

of elements of low atomio number the rate of energy losa mAy be taken 

as approximately proportional to density. 

In T-able I the rates ot energy losa ot 14 Mev_ 50 Mev arid 90 

Mev protons are shawn for both air and protein. !he numher of' primary 

ionizatione per micron of' path in protein ia alao shown, oaloulated 

for an energy losa of' 160 ev. per seoondary electron ejected. For the 

value of' the average ionisation potential ot the protein, that of' air--

80 ev.-- haa been used. 

TABLE I 

Ra te of' energy Ra te of' energy Bo. ot primary ions 
Proton energy loss in Air losa in Protein produced per micran 

150C 760 JDJD. Hg Deneity 1.0 ~co. ot path in protein 

lie v Kev/cm. Mev/cm. ions~ 

14 3. 7 Il 10-2 30.2 19 

50 1.3 x lo-2 10.6 6.6 

90 o.s3 x 1o·2 e.e 4.S 

In the present experimenta with 50 Mev protons, a si~le aolecule 

1a broken by 1nterna.l torœa.tion of' a cluster of ion pairs. Since the 

separation or these clusters 18 large oompared to mo1ecular dimensions, 

the ra te or breakdown can be calcula ted on the bas la tha t clusters are 

f'ormed unitormly throughout the œaterial. 
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~e rate at whieh molecules are broken dawn is then given by 

the expression 
dn _ 1\ 
--- ttn 
dt 

where n is the number of unbroken protein molecules present, 

t 1e the tlme , 

(1) 

and ~ i1 the probability per unit time of a cluater torming in1ide 

a molecule. 

The solution ot this equation il 

(2) 

where n
0 

i1 the ori!iDAl number of molecules. 

The number, .r;_, of molecules wi th at least one primary 1oni .. 

zation 1s given by 
.. 1t t 

n = n (1 .. e ) 
1 0 

(S) 

The rate of formation of moleoule1, nz• in whioh t.o or more 

priœary ionizationa have occurred ia given br the expreaaion 

dnz "' - = 'Â (n - n e- t- n) 
dt 0 0 

The •olution of this equation is 

The nwaber of molecules, n1 ' , in whioh one • and only one • primary 

ionisation bas occUrred is then given by 

nl' = nl - ~ 

(4) 

(5) 

= D Ât e• ~t 
0 

(6) 
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1'he traction or the molecules ~' bas a axi.Dum at irradiation 
!Jo 

time tmax, where 
1 

t.x = '}.. (7) 

'l'he constant }. 1e :related to the volume, V, ot a llngle molecule b;y 

the :relation 

(8) 

where =3 1s the numbe:r or clus'te:rs rormed per cub!.c eentimeter per second. 

':J !.s related to the current or protons and their :rate of 

energ;y losa by the equation 

dl 
i(iibX 

v x 160 
(9) 

where 1 !.s the number or protons per second passing thro~h the target, 

~ 18 the rate of energy losa or protons in p:rotein in electron 

VOl ta 1 

ô. x 18 the length or the proton pa th in the protein, 

v is the volume or the p:rotein target 

and 160 !.a the average energy loet by the protons per p:rimary ionisation 

in electron volte. 

!he unit or dosage, the :rep, has al:ready been detined aa an 

energy absorption in tissue ot 83 ergs/co. Dosage rate is related to 

proton current and rate of energy loss by the equation 

r= 

dE 
1 - Ax 

dx x 1.6 x lo-12 
.,. x 83 

= =Jx 160 x 1.6 x lo-12. 
83 

(10) 

(11) 
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wbere r is the proton dosage rate in rep/sec. 

and 1.6 % 1o-12 is the conversion factor from electron ~lts to ers•• 

the Tolume of the seruœ albumin molecule is 4.5 x lo-20 oc., 

'iTing tor the dosage rate the expression 

(12) 

Bence, by measuring the probability per unit time of a primary 

ionisation occurrins wi~hin a molecule ot serum albumin. the dosage rate 

can be determined. 

II ULmA.ODmiFUGI 'l'HIORY 

1. complete derhation of the theory of the ultracentrif\lge has 

been ginn b~ Svedberg(lS). 1his synopsis has been abstracted from his 

book. 

STedberg considera the motion of particles of uniform aize aua-

pended in a rotating liquid. Under the action of the centritugal field 

these aoTe to the periphery of the liqu1d. A definite boundary 1s es-

tablished between the inner portions of the liquid. with zero concentratiœ 

ot particles, and the outer portions where the concentration of particles 

is constant from bound.ary to periphery. 

!be molecular weisht of the partiales can be calculat.d from 

the velocity with whieh the boundary movea, using the expression 

·R~ 
J( ------

D(l- Vj) ~ wx (13) 

In this expression 

K ia the aolecular weight of the particles, 

x ia the distance of the boundary from the center of rotation, 

t is the time, 

w la the angular apeed of rotation, 
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R i.e the pa conataast, 

T ia the abaolute temperature, 

D la the diffusion constant ot the partlcles, 

V le the partial apeciflc Toluae ot the partieles 

and e la the denal ty ot the aolution. 

1he constant ~ = a, the sedimentation rate in unit centri­

tugal tield, is the sedimentation constant ot the partlcles. 

Usually dittusion blurs the sedimenting boundary. According 

tc dittuaion theory, point x is then that point where the concentration 

is 5o% ot the maximum. From the maYement ot this point the ledimentation 

constant rœ.y be calculated, using the appraxiiBation 

•= (14) 

or the exact expression 

(15) 

In these expressions 

x i1 the mean position ot the 5o% point on the boundary between 
Dl 

the till8a ~ and t
2 

at whieh meaaurements are rœ.de. 

x1 and x2 are the po si ti ons ot the 50% point at the times "1_ and tz, 
and At =- t

2 
- t 1• 

'fo get oonvection•tree sedimentation the cell containing the 

solution DDlst han 111e shape et a aeotor. In auch a cell the uaxbum 

concentration at tilt IJiillphery ot the cell decreaaes with tille. ~e 

concentration, C't, in this part ot the cell •Y be calculated at any 

time, ~, atter sedimentation hal started, trom the expression -· 
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where C 1s the original concentration or the solution. 
0 

In deriv1ng this formula. account has been taken or the ~ia-

tion of centritugal torce w1th distance troa the center or rotation. Re-

arranged. the formula •Y be U8ed to calculate the sediaentation constant. 

s= (16) 

.Ageaent between the values ot •• oalculated from equatiol18 

(14) aDd (16). is a sensitive test as to the homo~eneity of the partiele 

sises. !be value of the sedimentation constant derived trom equation (16) 

is partieularly sensitive to the presence of particles of larger than 

average ehe. 'l'he value ot the dirtusion constant. n. can also be de-

rived from sedimentation experimenta. 

Knowing the values of the sedimentation and diffUsion con-

etants. the concentration of solution, c. at any distance, x, from the 

center of rotation, oan be calculated from the expreadon 

1 2 
C •- C .-2w st 

2 0 

2 . x 8 w st_x 
where y =r .....:;0""1"""'---

~4 Dt 

(17) 

and x
0 

is the distance trom the center of rotation at which sedi­

ment& ti on a tarte. 

Other symbole are the saae as those.already ueed. 

'1'he expression 

Hrl • k \ .-.; c17 
0 

is the well•known probab111ty integral and is tabulated by Svedberg(l3). 
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If the ourves ct ooncen tra ti on, C, aga inst dis tance, x, 

plotted f'room equation (17), agree with the experlaentally determined 

curves, the solute is certainly a monomolecular apecies. 

!he expressions given above are all derived aasuming a mono-

disperse material as solute. In studytng polydisperse systems the 

values ot s tound by the two different methods described are average 

ftlues. An average value of D JIIUat be asauaed or measured in a aeparate 

experiment to plot the curves ot equation (17). In the experiments on 

polydiaperse material deacribed in this theais, the concentration at any 

point in the Svedberg cell ia measured by the ultra-violet absorption 

at that point. However, no exact method is known tor calcula ting from 

sedimentation experimenta the distribution ot particle aiaes present in 

the oell for cases in which the sedimentation constants, dittusion con-

stants, ultra-violet absorption constants and concentrations ot the in• 

dividual particle aises are all unknown. 

!he sedimentation constant varies with viecosity, bence with 

temperature. It also depends upon the solvant ln which the mater!al 

under study i.s diasolved. It 1s usual to correct experimentally deter-

mined ftlues or 1 to the 'ftllues 1Whlch would be obtained with water as a 

solvant at 20°C, designated s20• 

!he tiret correction applied is tor temperature variations be-

tween axposures. 

6x/ôt Do 
•' = T 

20 -
w2~ 0 

n20 

(18) 

log (cofct1) no r 
•!o = 2 w2;_ -n;o 

(19) 

) 
; 
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wbere n; 1s the viscosity of water at the mean temperature, T, 

between exposures 

and n;O is the viscosity of water at 20°C. 

A correction is then made tor the solvant, using the expression 

(20) 

where nT is the viscosity of the solvant at the mean temperature, T, 

ot the sediment&. tion experiment, 

n; 1s the viscos i 'tJ ot wa ter at the mean tempera ture, T, 

VT is the partial specitic volume of the solute in the investi­

gated medium, at the mean temperature, T 

and fr 1s the density ot the medium at the mean temperature, T. 

The constant 0.2523 has been oaloulated by Svedberg tor aqueous 

protein solutions. The last correction factor tor the acetate butter 

solution used in the present experimente is equal to 1.07 t 0.01 tor all 

temperatures between 25°C and 30°C. 

Svedberg(l3) lista the molecular weights and corresponding 

sedimentation constants ot a large number of proteins. In Fig. 27, 

page 80, m.olecular weight has been plotted as a tunotion of sedimentation 

constant from this data. By interpolation and extrapolation on this 

curve molecular weights were estimated from the sedimentation constants 

measured in the present work. 
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CHAPTER III • UPARA.1'US 

1. General 

!he electric&lly-dr1Yen ultracentrifuge used in the present 

wort 18 eilllilar to that designed by Ste.ratrom and Bee.ms<17). Aa de­

tailed descriptions of the apparatua have been given by Rotenberg(lS), 

Gunton<16) and Carruthers(ll), only a general de1cription will be giTen 

here, exeept wbere improvements have been made. 

A aehematic diagram of the cross section of the ultracentrituge 

is shown in Fig. 1. !he Svedberg type rotor (A) rotates in the anaour­

p1ate vacuum chamber (B). The rotor 11 directly eonnected to the arma­

ture (C) of the motor by a 1/8" tubular steel sh.af't (D). !'he rotating 

system b supported by the aolenoid (1}. The motor bearings are in­

dieated by' (F) and (G)J the bottom bearing for the Svedberg rotor, whioh 

alao acta as a vibration damper, ie marked (H). 

!he two-phase induction motor (X) ia driven by a transition 

oscillator, the frequeney of which is variable in steps of Approximately 

200 c/s from ~0 to 1420 c/s. !he output of the oscillator is fed into 

a power ampli~ier capable of' aupplying 1,000 watts to the motor. 

!he speed of' the motor is measured by reflecting light from 

the armature, which is partially blaekened, into a photo-electrie cell. 

Output pulses from the photo-electrio cell are &mplified and fed into a 

counting rate meter which gives a direct reading ot the apeed in revolutions 

per second. 

The Svedberg cell, (P), in the apinning rotor is illuminated 

once in eaeh revolution by a quArtz mercury arc. Light t'rom the arc, 
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To diffusion pump _ _.....,_ 

FIG. l 
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atter pasdng through the illumina ting lens (0) • is retlected through 

quarts window (:tl) by the mirror (N). !he light from the cell then 

passes through quartz window (L) through a hole in the stator (K) to 

a mirror not shawn in Fig. 1. This mirror reflects the light through 

another lens which tocusses an image of the cell onto a elit of the 

spectrograph atter retlection at another mir~o~. 

In Fig. 1 the supports tor the solenoid are shawn at right 

angles to the ir true position wi th réspect to the light beam. 

Pictures of the ultracentrituge laboratory in the Annex ot 

the Radiation Laboratory are shawn in Figs. 2. S and 4. Fig. 2 shows 

the centrifuge. Fig. 3 t'Jle centri.tuge and pa.~t of the control 1able and 

Fig. 4 the control table and spectrograph. 

2. !he 8Tedbe~g Cell 

!he sample to be centrltuged is held in a sectorial cell 

which is placed opposite a counter-balance in the STedberg Rotor. !he 

cell ie 1.5 cm. long and 0.3 cm. thick. !he angle ot the eeotor i• s0
• 

!he center of the cell b 5.8 cm. from the center of rotation. 1'he 

aidee ot the cell are enclosed by cryetalline quartz plates in order 

that the concentration ot protein throughout the cell can be measured 

by ultra-violet absorption while the rotor le spinning. 

!he quartz dises are liable to breakage due to the tremend­

ous pressures exerted by the solution inslde the cell. !his trouble is 

accentuated by the high pressure which the dises must exert on the 

pliotUm pskets to seal the eoluticm within the cell. Pressure to seal 

the cell la applied to the dises by a nut screwing into the cell helder.• 

TO keep this pressure to the minimwm necessary tor a good seal. a torque-
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meaauring wrenoh waa obtained to tlghten the nut. For an operatlng 

speed of 730 r.p.e. a torque of 75 inch pounde was tound to be sut-

ficient to ensure a good seal. 

Tb obtaln undisturbed sedimentation in the cel1, and uni-

torm illumination along the length of the spectrograph slit, the ddes 

of the sector ahould be radial. A jig was made for holding the rotor 

so that two alita 0.015 inches wide were radial trom the center of 

rotation. 'lhe cell then could be rotated in the rotor until the two 

alita and either edge of the cell aector were in line. 

3. !he Mechanical System 

A pieture of the diaassembled rotating system !a shawn in 

Fig. 5. At the bottom ia the vibration damper and above it the Svedberg 

rotor. Over the rotor 1a tile main bear ing 11 then the motor arma ture and 

above this the top bearing. 

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

Bea.ms(
13

) bas indleated that an oval shaped rotor will remain intact 

at higher speeda than one circular in cross section. This !a due to 

reduction of stresses at the center by the removal of exeess material. 

To !neure sare operation at apeeds boom 800 to 1000 r.p.s. 

the rotor already in use was eut to an oval shape. Atter approximately 

twenty hours• operation at 800 r.p.s. it was tound that the diameter ot 

the rotor through the cell and counterbalance bad increased by 0.003 inobee. 

After this the rotor was not run above 130 r. P• a. The rotor wa.s •de as 

aocurately aa possible but waa not balanced atatically or dynamically. A 

quarter of a gram of solution leak!ng out of the cell at high speed caused 

no not!ceable precession. 
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Table II shows the radial accelerations at a radius or 

5.8 cm. at various epeeds of rotation. 

TABLE II 

Speed of Rotation Radial Acceleration 

rev./sec. g - ·- · ·--

500 58,500 

700 116,000 

730 125,000 

800 160,000 

1000 234,000 

(b) '!be 'Main Bearing. 'l'he main bearing on the top or tile 

vacuum cbamber has tour important additional functions. It 

1) provides an exit tor oooling water from tbe armature, 

11) acta as a shock absorber to damp resonance vibrations 

ot the rotor, 

111) provides a vacuum seal between the rotating shatt and 

the lid or 'the vacuum. chamber, a.tld 

iv) acte ae a thrust bear1ng to support part of the weight 

of the rotating syatem. 

'!he bearing formerly used in this position waa in two sepa.rate 

parts. '!beee were clamped in place on rubber gaskets with cooling water 

flowing between them. Trouble from these bearlngs came trom two sourceet 

1) '!he rubber gaskets were required to act as both shook 

absorbera and vacuum aeals. Rubber under compression, a1 required in a 
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vacuum seal, loses its elastic properties eo that it is not a good 

ehock absorber. 

2) ihere was no way to ensure that the two bearings were 

aligned. 

A sketch ot 'the new min bearing 1e ehown in Fir;. 6. 'lhe 

clearance between the hard babbit(ll) bearing aurfacea and the ehaft 

h o.ooo3tt. 1'h.e bearil:lgs were •de by pressing babbit dugs into 

brasa buehings. To bore a babbit elug ax!ally, a jig wa1 turned ia a 

lathe holding a single brasa bushing with a tight tit. Using a small 

bori~ tool the ho1e was then bored to a diameter of 0.1250 :t •0002" 

aeasured by fit and no tit gauges. For tiœl reaming by band to 

0.1260" the bearings were mounted in the brase cylinder as ahown in 

Fig. 6. Once assembled the bearings are permanently aligned and were 

not removed from the cy1inder until they bad to be replaced. 

!he cylinder in which the bearings were mounted was he1d 

near i ta upper end by an 0-Ring which allowed i t to tilt 'bro or three 

degrees troll the vertical. '!he bottom of the cylinder was aupported by 

a rubber ring bonded to the bra1s tube which also held the upper o-Ring. 

'!his bolder acrned 1nto the cover of the vacuum ta.nlc. As 'the bearing 

was quite elastic in its aount 1t damped all Tibrations excellently. 

Referrillg to Fig. 6• Water flows trom a hole in the tubular 

1haft into the bearing through the channel -.rked ttA". It 1s prevented 

from tlowing be'breen the bearing surfaces and the ahaft by lubricating 

oil under pressure, 1ntroduoed between pairs of bearing surfaces through 

ohannels marked •B". For speeds up to 700 r.p.s. an o11 pressure ct 

10 lb/1n2 has been found aatisfaetory. To prevent ee1zing at higher 

speeds i t 1a neoessary to inorease thia to 15 lb/1a2 , depending en tbe 
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ti.ghtnen or· the bearlng. -3 Pressuree lesa than 10 ma. ot mercury 

are easily maintained in the vacuum chamber at all rotor apeeda. 

(c) !he Vibration Damper. !he bear illg on the lower end of 

the Svedberg rotor haa also been redeaigned. !hia bearing is designed 

to clamp any preceea ional vibra ti one of the rotor. ll'i th the old design 

the bearing ocoaaionally cauaed the lower pin of the rotor to bend or 

break. 

ihe bearing surface h a leather waaher 1/8" thick. allowing 

considerable tilt to the rotor. !he leather washer 1s tlxed in a brasa 

di.ec mounted on ball beari:nge and placed in an oil cup. Over the o11 

cup la a neoprene aheet moving with the dise. Surface tension of the 

oH be.tween the neoprene &nd the top of the cup keepa the flexible 

aheet adhering to the surface. preventing audden large movementa of 

the rotor. 1'ogether with the flexible mounting of the main bearings 

this deviee reducea resonant preceaaional vibrations of the rotor until 

they are barely perceptible. The oil in the eup DUat be renewed af'ter 

two or three runs. Ita leval, however. ia not critical so long as the 

aurfaoe between the neoprene and the top of the oil eup h well lubricated. 

(d) 1'he Top Bearin,g. Originally this bearing was mounted on 

top of the adjuatable core of the solenoid aupporting the rotating system. 

'lhia bad the diaadvantage of malcing the total dietance between the IIIILin 

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

!he bearing has now been mounted on the top of the aolenoid. Provision 

waa ude tor e. screw adjua'taent of the core wi thout movement of the bear1ng. 

A flexible mount waa not found to be necessary in the top 

bearing ao long as the armature of the motor waa made autficiently true. 
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The present armature ia a r1ght angled oiroular cylinder, true to lesa 

than o.ooo1• along its outaide length. The inner 1/4" hole tor water 

cooling 1a probably truly axial to o.ool" along ita whole length. !he 

upper ahaft ia off-center o.oool" and the lower shatt 0.0004". 

(e) Alignment of Bearinça. fo reduce preoeaaional vibrations 

it ia necessary tbat the rotor bang Tertically. !he vacuum chamber ia 

provided with leTelling screws titting into pipes in a concrete base. 

!'o enaure tha t the chamber coTer was al ways in the eame position wi th 

respect to the chamber, the looae rubber ring which was used as a 

vacuum seal between 'the cover ot the vacuua chamber and the chamber 1 t-

self was replaoed. A rubber gasket allowing contact between cover a.nd 

vacuum ohamber when the cover 1s sorewed down tightly was used instead. 

Using the levelling screws in the n.cuum tank, the main bear-

ing waa made 'ftrtical by levelling a plate mounted on the shaft supporting 

the rotor. 

1'o align the top bearing the centrifuge was assembled except 

tor this bearing. With no water or oil linea in place, or aupporting 

magnetic field, the rotor was allowed to coast at about 200 r.p.m. The 

top bearing was then put into place and acrewed dawn tightly. 

4. The Vacuum Sye tem 

'l'he rotor turna in a vacuum at a pressure lesa than 10-3 mm. 

ot mercury. This vacuum 1s achieved by using an oil diffusion pump wi tb 

a. speed ot 10 litres per second at 10-3 mm., ba.cked by a mechanical pump. 

The overall apeed ot the system waa increased troa appro:z:imately 1/2 litre 

per second to 5 litres per second by using large diameter pumping leads. 

'lb.e pressure 18 meaaured continuously wi th a Pirani gauge. 'Jhe ftcuum 
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gauge ueually gives the tiret indication ot trouble ln the rotating 

system. 

All seals on holes into the vacuum chamber were redeaigned 

to allow the use ot o-Ring gaakets where possible. Wax seals were 

made on the quartz dises to allew the light beaa to traverse the 

vacuum chamber. 1bese were tound to be aore convenient tban gaskets. 

whlch tend to deposit greaae on the quartz. 

6. 1he Eleetrical System 

No ch~es were made in the driving and control oirouits(ll) 

ether than those necessary to keep them in good repair. 

T.be automatic speed control was not used in the present work. 

sinee it was tound that the 6o-cyele hum from surrounding apparatua was 

ot the same order of magnitude as the slip speed voltage induced in the 

pick-up coil. So long as the power input to the motor waa tept constant 

~iations in speed were negligible. 

6. T.be Optical Sye tem 

(a) General. T.be Svedberg eell was Ulumirlated by a 25o-w&tt 

quartz mercury are. T.be light trom the cell was then tocussed on the 

slit of the speotrograph by a quartz tluorite aehromatic lens of focal 

length lOO cm. and aperture t/36. the system 118.8 used at unit •gni• 

tication. 

To achieve unitora illumination ot the cell an image of the 

mercury arc 118.1 made on the zuarts fluorite achromat by the illuminating 

lens. This condition ensures that each point on the tœage ot the cell 

receives light from all points ot the mercury arc. 
•' . 
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!he systemwas found to be aatigmatic eTen for points near 

the e.xb ot the lens# so tha.t the aides and ends of the eell did t:tot 

come into tocus at the sa.me time. To get even illumination of the 

elit the image at the circle of least contusion was uaed. The sl!t 

was easily placed at this point by looking into the back of the apectro­

gra.ph and noting whetber all the collimating lena diaappeared at once 

at the ends of the image. If the alit waa not at the cirele of least 

contusion the lens disappeared as though a diaphragmwere drawn acroas 

it. The cause ot the astigmatiem haa not yet been determined# as f.t 

waa undeairable to disturb the lena and the two mirrora after they had 

been aligned.e 

Weak ta.ils appear at the ends ot the spectrographie linea. 

These are caueed by acattering of the light by air bubbles in the 

fluorite ot the achromatic lena. T.hia scattered light has been reduced 

as much as possible by using diaphragma. 

SeTeral changes were made in the optical system. 

i) A mirror was introduced to band the light into the spectro­

graphe 1'his was necesaary to fit the apparatua into the room available 

in the Radiation laboratory Annex. 

11) Larger windows were put into the vacuum tank. 1'hese were 

made of fuaed# inatead of crystalllne. quarts to allow the windows to be 

waxed into place. 

lU.) As mch etray light as po881ble was elimina.ted by black­

ening all parts ot the apparatus near the arc. Thia allowed the speed 

indicator to be used while the arc was operating. 

iv) !be magnifioation of the image in a priam apectrograph 

Taries with wavelength. 1hus it !s necessary to be able to find the center 
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of the image on each spectral line and i ts magnit1cat1on. 'l'he intend.ty 

across the image varies so that the cell length is not auitable for use 

as a standard of len~th. Instead, two heles were drUled in the counter­

balance equidistant trom its center. 'l'hase gave imagee just beyohd the 

ends of the image of the cell. By compar1ng the distance between the 

images with the distance between the heles, the magnification at any 

wavelength can be round. 'l'he center point between the tœa~es wae co-

incident with the center ot the cell image. By measur1ng the distance 

ot any point in the image from this center point, and correcting for magn~ 

fication, the corresponding position in the oell could be obtained. 

v) A constant vol tage transformer was uaed to keep the 

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

(b) The Spectrographe Light from the cell, illuminated by 

the mercury arc, 1s focuased on the elit of a B1lger E2 quartz priam 

spectrographe Sedimentation can then be followed in several regions of 

the absorption spectrwœ of the protein at the same tlme. 

'l'he slit width used on the spectrograph was 0.40 mm. 'l'his 

width of slit wae necessary in order to keep the microphotometer beam 

on the curved spectrographie line while photometer!ng along !ta length. 

For the same reason mercury lines ohosen tor sedimentation measurements 

oould not be overlapped by ether lines. 

W!th a slit width of 0.40 mm., six lines in the mercury spec­

trum were chosen wh!oh d!d not overlap. Curves of photcmeter reading 

versus exposure time were plotted for these Hnes. Of the sis, the three 
e 0 D 

Hnes at 3906 A, 2920 A and 2576 A were chosen tor measurements. !bey 

were fa!rly well spaced in the absorption region ot the proteine. Being 

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

was required. 
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KaxtmwD blacking on all lines, corPisponding to zero con­

centration ot protein, wae dete:nilined aolely by the expoeure tiae. 

Kin~ blackening was determined by the absorption of the protein. 

!he minlm.um on lines on which measurements were to be made had to be 

clearly distinguishable from clear plate. !he concentration ot pro-

tein in the Svedberg cell was adjusted so that the spectral line on 

which absorption was greatest could be diatinguished from clear plate. 
0 b 

For haemoglobin this line was at 3906 A; tor serum albumin at 2576 A. 

II PBOTOGBAPBIC PLA TES 

!he speetra from sedimentation exper~ente were recorded on 

Kodak Spectrographie Analysis #1 plates, 4" x 10". !hese are very tine 

grain, high contrast plates. sensitive in the ultra-violet down to wave-

lengths ot 2300 A. 

Plates were developed singly in Kodak Developer "Dl9" tor 

tive minutes. placed in a stop bath (Kodak SB.5) tor 45 seconds and 

t1xed tor 20 minutes in !:odak "Liquif1x". they were then washed in 

water for l/2 hour. 1he temperature ot the developer waa kept constant 

at 20°0 (t 0.2°0) during development. !he temperatures ot the stop 

bath. fixing bath and washing were all kept at 20°C to enaure that the 

gelatine would not be damaged due to sudden changea in temperature. The 

plates were not developed until at least twenty-tour hours after exposure 

to avold errors due to growth ot the latent image. During development 

they were bruahed continuously with a soft nylon brush to ensure unitorm 

development. 

Wi th the 4:" x 1011 pla tes • three exposures of epee tra wi th 1 ines 

1.5 ca. long and eleven calibration marks 3 mm. long could be placed on 
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each plate. Making five exposures per centrifuge expertment meant 

using two or three plates. 

Plates from the same box showed wide variations in blackening. 

However, those which had been eut from the same sheet in manufacture 

could be distinguished easily beoause of their uniform blackening 

character1stics. These showed that the precautions taken during de­

velopment produced very uniform development. 

III mE MICROPHO'roMETER 

A Ki pp &: Zonen 'l'ype A Jloll recording microphotometer was 

used to measure the specular density ot blacklng on the photographie 

plates. 

Opera ti on of thil instrument is as followss the image ot 

the filament of a lamp operated at con.tant voltage is focussed on a 

slit and a reduced 1mage of this sllt tocusaed on the photographie 

plate wbose blacking is to be meaaured. A magnitied image of the 

light transmitted by the second ali t actuates a vacuum ther11opU.e and 

the thermal current is measured using a Moll galvanometer whose de­

flectlon is reglatered by a drum camera. 

The plate is propelled acrosa the beam of the photometer 

lamp by a very accurately made acrew which is also geared to the drum 

camera. The instrument also records on the sensitive paper of the 

camera, lines marking every tenth of a millimeter travelled by the 

plate, and a cent~eter scale for measuring the galvanometer defleotion. 

The distance moved by the plate waa magnif'ied by four, and 

later by eight, in making the photometrie curvea. 'lbe distances measured 

between points on a line in a plate were consistent within ~ 0.02 mm. 
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In uaing the photometer. the minimum reading tor no light 

transmitted was set by adjustment of the zero setting of the galva.no­

meter. The max~ reading for clear plate was determined by the in­

tensi ty of the light in the photometer beam. The probable error ln 

the galvanometer reading was 0.05 cm. This gave a probable error in 

concentration of about 2% tor law contrast lines. 

------------------------------------ - -· - - - - · 
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CHAPTER IV - EXPERIMEN~L WORK 

I CYCWTRON IRRADIA'l'IONS 

1. The Target 

Aa the proton beam of the MCGi11 synchro-cyclotron is not 

defleoted out of the vacuum chamber it was neoessary to mount the 

protein on the end of a probe which projeoted into the be~ 

Aluminium tubes 1/16" in diameter, with walla o.oos" thick, 

were til led wi th the prote in to be irradia ted. 'lhe ends ot the tubes 

were t1attened, leaving a center portion 3.5 o~ long tilled with 

protein. The ends were then clamped to a oopper bolder fastened to 

tile end of the probe, which was water cooled. The target and bolder 

are shown in Fig. 7. The protons in the cyclotron move in a spiral 

with an average difference in radius per revolution ot about 0.002". 

However, according to Henry(lg) radial oscillations make the difference 

in radius between successive revolutions as much aa ± o.ol", so that 

irradiation is tairly unitorm across the aluminium tube. 

The beam ourrent at 10 llev could be measured by swinging a 

copper bloek into its path. This block abaorbed all the protons and 

was oonneoted to a galvanometer. 'lhe current at this energy for all 
fl 

irradiations waa 0.09 t 0.02 mioro-amperes and was checked intermittantly • 

during exposurea. 

2. Dosage lleasurementa 

The aotual ~osage ot protons delivered to the target could 

not be measured but was caloulated from~, the fraction ot the serum 

albumin molecules in whieh prhaary ionisations oocur per unit time. 

The actual proton beam current hitting the protein oannot be 
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measured at 50 Mev as the protons all pass oompletely through it. 

01' the 0.09 ~a., DlEiasured at 10 Mev, 0.03 f 0.005 /"""am.peres are 

1ost due to protons hitting the dees and the target bolder. or the 

remainder it is estimated that one-sixth are lost due to scattering 

from the walls of' the aluminium. container. '!his leaves a proton 

current of' o.05~amperes hitting the protain. 

A value ot Â tor serum albwain was obtained by measuring 

the ra te of decrease in the enzyme activi ty of urease wi th time of 

irradiation. Under irradiation this enzyme loses its power to hydrolyse 

urea to carbon dioxide and ammonium hydroxide. Urease samples were ir-

radia ted tor 5, 15, 30 and 60 seconds wi th 50 Mev protons. '!he measured 

beam ourrant at 10 :Mev waa 0.09/amp. '!he enzyme aotivity atter ir­

radiation was measured by Mr. L. Fridhandler and compared wi th that 

tor 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 lo% urea at pH 5. '!he change 

ot pressure with time was then measured at constant temperature and con-

verted to micro-litres of carbon dioxide evolved per minute. '!he 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 DlEiasurements a n.lue ot ~ for urease waa obtained. 

!he value of.~ tor serum albumin waa then tound by correeting tor the 

sise of the molecules. 

'!he value of 'Â tor serum albumin was also measured directly 

by the tollowing experiment. 

It was observed that the portion of serum albuain, irradiated 

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

pletely soluble in water and eoagulates on heating. 1be coagulant 

can be removed easily by centrif'uging. Assuming that serum albumi.n 

molecules af'fected by the irradiation did not coagulate~ a measure-

ment could be made of the number of' unaf'fected molecules by weighing 

the coagulant. 

Samples of serum albumin were irradiated for 10~ 15~ 30~ 

90~ 120~ 150 and 180 seconds. Theae were mlxed with water (10 mg/cc.) 

and the insoluble material removed by centrifuging. The solution waa 

then heated to l00°C. Atter two minutes the eoagu1ated protein was 

removed by centrifuging~ and weighed. !he percentage ot the original 

protein recovered was plotted against time of' irradiation on a logarith­

mie scala. The slope of this curve gave a value of ~ for serum albuœ!n. 

The temperature of the target during irradiation waa 

80 ! 20°C. This was measured by irradiating finely powdered napthalene 

(melting point 80°C) using the aa.me method as for 'the protein. lUth a 

beam eurrent of 0.006 micro~peres at 10 Mev~ no sign of melting waa 

round. At 0.009 miero&mperes the crystals in the centre of the tube 

m.elted and adhered to those at the aides. 

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

at ao0 c eaused no not1ceable change in sedimentation. 

II ULTRACEN!RIFUGE MEASUREMENTS 

1. Calibration of Plates and the Concentration Soale 

The concentration of protein at any point in the rotating cell 

was round using the photometer ~ by eomparing the ~alvanometer reading at 

that point with a curve of galvanometer reading vereus concentration. 
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!his curve h reterred to as the concentration ecale. 

A concentration ecale waa prepared tor all the apectrum 

lines on •hiob measurementa were made; also tor eaeh plate used in 

sedimentation experimenta because of variation of the blackening 

characteristics among the plates. 

In making concentration ecales the rotating oell was tilled 

•1th .ater. Another cell, tilled with the solution of protein to be 

inveatigated, waa placed immediately in front or the apectrograph elit. 

A sutticient number or exposures •ere made with varying concentrations 

ot protein in this cell to plot a concentration ecale. While making 

expoaurea the rotor waa kept spinning at 500 r.p.s. to avold any inter­

mi ttancy erree t ( 23 ) • Exposure times and 1 igh t 1ntens1 ty were the a ame 

as those used in sedimentation experimenta. In making exposures during 

sedimentation experimenta the eell in tront or the spectrograph was kept 

tilled •ith water. 

It was not practical to put a concentration ecale directly on 

each plate when more than one plate was used per sedimentation experimente 

Instead, the blactening characteristlc of each plate was plotted as a 

curve or galvanometer reading versus logarithm ot the time or exposure, 

from calibration .rks •de by 'ftrying the exposure time from six seconda 

to one minute. In making these exposures the rotor waa spinning as be-

tore and both cella were rilled with water. 

Aecording to the reciprocity law ot Bunaen and Roaeoe< 20), 

the blackening of a plate in time, t, due to intenaity of light, I, ia 

ltpee1tied by the product Ix t , independently or I and t. Hence, CUM'es 

or photoaeter readinga Tersua the logarithm or t with I constant are the 

aame as those that would be obtained by plotting againat logarithm ot I 
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w1 th t constant. 1'hese curves can then be oalled ourvea of photo-

meter reading versus logarithm (Ix t). 

Each photometer reading tor the blaokening obtained troa 

a known concentration ot protein then corresponds to a T&lue ot 

log10(I x t) taken from the calibration CUM'e ot the same plate. 

Plotti.ag ftlues or log (Ix t) against the corresponding concentrations 

gives a curve whose equation is 

or 

l = l e-ke 
0 

where 1
0 

is the original intensity or the light. 

I is the intens!ty atter absorption. 

C is the concentration ot absorber 

and k the absorption constant. 

!beae absorption curves were independant ot the plate 

(21} 

(22) 

characteristic. To obtain the concentration scale tor any other plate 

the absorption curves were used with the calibration curve tor that 

plate in the reverae •nner. The atraight linas obtained tor the ab­

sorption eurvea of equation (22) show that the reciprocity law was 

obeyed tor the exposure times and intensities used in these experimenta. 

2. Absorption Measuremènt·,-

Absorption curves were drawn tor each 1pectral line on whioh 

sediœentation measurements were .ade. in order to mate concentration 

acales. The alepe of these lines givea the absorption constant "t". 

Concentration• were computed .from the original amount of protein available 

~·· 
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disregarding the portion which was insoluble. The real absorption 

constant, k
1

, is related to that measured by the expression 

k =~ 
1 ~ 

(22a) 

where <Ab the traction of irradiated protein which was soluble. 

The absorption of baemoglobin for mercury lines at S906 A, 

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 tor ir-

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

3. Sedimenta tiôn- Exper iments 

Bovine serum albumin and bovine haemoglobin were obtained 

trom J.rmour La.boratories in Chicago; urease from Bios Laboratories, 

New York. 

The sedimentation ot the unirradiated me.terial was m.easured 

at 2920 A tor serum a1bumin and urease, and at S906 A tor haemoglobin. 

Irradiated samples tor sedimentation and absorption experimenta were 

kept in their aluminium tubes and preserved in solid carbon dioxide 

until used. ~e period of storage was never more than forty-eight hours. 

For all sedimentation and their associated absorption ex-

periments, the proteine were dissolved in acetate buffer solution of 

pH 4.75. This solution was made up ot 0.1 M sodium acetate and 0.05 M 

aoetic aoid. The concentrations of protein used in the various sedi-

mentation experimenta are shown in Table III, pa~e 39. Any insoluble 

material associated with the irradiated protein was removed by oentri-

tuging before putting the solution into the Svedberg oell. 
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Sedimentation experimenta were performed with serum 

albumin irradiated 1, 1.5, 2, S, 4 and 8 minutes, on haemoglobin 

irradiated 2, 4 and 8 minutes, and urease irradiated 16 and 60 

seconda. 

The procedure used in opera ting the oentr ituge -.as as 

tollaws in all oases. 

As soon as the rotor was in place the vacuum pumps were 

started and the rest of the apparatus prepared. When the neuum 

-3 pressure was 10 mm. of Hg the centrifuge waa started and the 

quarts mercury are turned on. To start, the power wa.s alowly 1n-

creased until input to the motor was 1000 watts at a trequency ot 

600 cyclea/aecond. Atter five minutes the speed had risen to 600 

r.p.s. 1'he driving trequency was then increased to 840 c/a with 

1000 watts input. !en minutes atter starti~ the rotor apeed waa 

730 r.p.e. Acceleration was stopped by lowering the power input to 

600 watts. The speed of rotation waa .11.0nitored oonstantly by oom­

paring it with the 60-cycle mains trequenoy on an oscilloscope. So 

long as power input was constant the rotational apeed would not vary 

by more tban t 2 r.p.s. 

As soon as the rotor had reaohed top apeed an exposure 

was lllllde using the apeetrograph. Subsequent exposures were made at 

halt-hour intervals. 

t'he tempera ture of the rotor was measured be fore and after 

eaeh run. Tb determine the temperature between exposures it waa as-

1umed that the temperature rose linearlywith time as the run progressed. 

!able III giTes the main data for each run in this series. 
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Prote in ~adiat1on Concentration .r>uration ll'ime between .-:ean Speed ;Mean Rotor 
1 

Tempera ture 
1'1me or exper 1ment Exposu:ree ot Rotation Temp. Rise 

minutes ag/-44.- - ' --· hour-a- · minutes ~'•P••• oc o.Q. 

Se!'wa Al buain 0 8.94 2.7 4:0 70S 27.2 s.1 

Haemoglobin 0 0.5 2.5 so 734 27.1 3.4 

U!'ease (1) 0 5 1 15 505 25.3 1.5 

U!'ease (2) 0 s 1 15 504: 28.8 0.7 

Se!'um Al bumin 1 4.5 2 so 735 29.0 2.2 

Se!'Wil Album.in 1.5 6 2 so 132 27.3 2.5 

Serum Al bumin 2 8 2 30 7Sl 27.9 1.6 ra 
Se!'Wil Al bumin 3 10 2 30 735 29.6 1.5 

Se!'Wil Al bwain 4: 10 2 30 735 29.6 1.1 

Se!'Wil 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 30 133 27.5 2.4 

U!'eaee (1) 0.25 3 2 30 134: 27.2 2.3 

U!'ease (1) 1 3 3 30 133 26.3 :s.:s 

!ABLB III 



III BLBC'l'RON MICROSCOPE BXAJIINATION OF PRO!EillS 

Haemoglobin~ serum albumin and urease were all examined in 

the McGill electron microscope both betore and atter irradiation. 

The electron microscope is an R.C.A. type EMU, capable of 

magnifying to 25,000 diameters and with a resolving power of 3 m~. 

Formvar films were used to support the specimens. !hese 

were made and placed on wire mesh supports using the method des­

eribed by Zworykin(21 ). 

The proteins to be examined were made up 1nto o.l%, o.ol% 

and o.ool% solutions in distilled water. Any insoluble .aterial was 

removed by eentrituging. Distilled water was used as a solvent to 

avold any confusion whieh m1P1t oecur due to eryatals from a butfer 

solution. Single dropa of eaeh solution were plaeed on separate 

mounted formvar films and allawed to dry. 'lhe specimens were then 

ready for examination. 

Unirradiated serum albumin and haemoglobin eould not be seen 

using the microscope at any magnifieation between 6000 and 25,000 

diameters. Unirradiated urease, hawever~ eonsistently ahowed eon-

centrations or spots. 7hese spots were assumed to be individual 

molecules as their number varied with varying concentration of 

urease in the solution, although their aize remained constant. 

Samples of serum albumin irradiated for five minutes 

(2 x 108 rep) and examined in the electron microscope showed particles 

of two sises, attributed to aggregation products resulting from ir­

radiation. !he number of particles in any field of view T&ried with 

the concentration of the sample solution. 



In the electron microscope examinatlon ot haemoglobln ir­

radlated for tiTe minutes no particulate matter could be seen under 

a~ conditions. 

Urease 1rrad1ated for two minutes showed particles with a 

wide distribution in aize. mostly larger than the original molecules. 
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CHAP'l'ER V - RBSULTS 

I DOSAGB- .JIIA.SURIKB!JTS 

1. Genenl 

All irradiation experimenta were performed using 50 Mev 

cyclotron protons. 1he beam current at 10 :U:ev was 0.09 t o.Olr amp., 

giving an esttœated o.os~amp. on the target. !he dosage rate waa 

calculated from equation (12)~ using an average value of 1l tor 

aerum albumin. Values ot ~ tor serum albumin were obtained from 

msasurementa on the rate of deoreaae under irradiation ot the en-

zyme aotivity of urease. the amount of serum albumin reoovered by 

coagulation and by calculation from the esttmated beam ourrent. 

2. ExperiJHnta with Urease 

Fig. a shows the peroentage ot the original enzyme activity 

ot urease remaining after irradiation, plotted againat time ot ir­

radiation. The unirradiated urease evolved 21.0 ~1/min./mg. of 

carbon dioxide 1then mixed with 10% uree. at pH 5~ at sa0 c. 

'l'he "Y&lue ot 'Âu tor urease was found from the ti•• Ti' 

at which the activity of the ureaee bad deereased to one-half its 

origiœ.l value, using the equation 

1 0.693 
(23) = u Ti 

= 0.028 seconda -1 

'Â has been related to the vol"UJM, V • of the molecule by the relation 

(a) 

(B) ..... -----
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where :; h the number of pri-.ry ionbatioll8 formed per oubio 

oentimeter per second in the target. 

Hence, Âu for urease is re la ted to /1 
8 

for serum albumin 

by the equation 

(24} 

where V and V are the volumes ot the urease and serum albumin mole-
u s 

oules respectively. 

Assuming the volumes of the molecules in equation (24) to be 

proportlonal to molecular welghts, 

?t = 1t ~ a 0.028 X 
68

1·o.P.9 
1 u ~ 480,000 

·1 = 0.004 Seo. 

Setlow(9•26) haa indioated that the whole molecule of 

urease may not be radiosensitive, as measured by enzyme deaotivation, 

to formation of a single ion pair anywhere in the molecule. 

ln equation (8} 

}.. •v.:/ 
u 

(8) 

1 u is the probability per unit time that a primary ioni-

zation will ooour in a ureaae molecule. 

As measured experim.entally, ~ is the probability per unit 

time that a urease molecule will be deactivated. 

In the present case an average cluster ot three ion pairs is 

tormed per prtmary ionization. Binee the traction of the geometrical 

volume of the urease molecule which is radiosensitive is unknown, it 

has been assumed that it is not less tban one-third, so that the two 
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values of ~ oan be considered equa1. 

It the •ensitlve volume 11 lesa than this the value of 

tor serum albumin has been underestimated. 

3. Experimente on-Serum. .Ubwain 

Fig. 9 shows the percentage of serum a1bumin recovered by 

coagulation from solutions or irradiated material in dlstllled water 

plotted againet time or irradiation. Equation (23) wae ueed to de­

termine 'Â • 'l'hia gaTe • 
~ ~ 0.016 seconds-1 • 

1 

Another value ot 1 oan be caleulated from equations (10) • 
and (12} and the estimated beam current. 

giving 

i.!!!Ax 
r = dx x 1.6 x 1o-12 

v x 83 
(10} 

i = 6 x 10-s amperes 

= 3.1 x 1011 amperes/sec. 

~ = 10.6 x 106 ev./cm., trom ~ble I, 

l:i x = 0.12 e111.., the average pa th length aerose the 

1/16" diameter target, 

v = 2 x 10-2 co., the volume of the protein target, 

r = 3.8 x 106 rep/sec. 

From equation (12} 

• • • 

r = 6.81
8 

x 107 rep/sec. 

1t 3.8 x 105 

8 = 6.8 x 107 

= 0.006 seconde-1 • 

(12) 
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Effect of proton irradiation on the 
amount of serum a1bumin recovered 
by coaguletion. 

x 

2~--~----~----~--~-----L----~--~----~----~--~ 

0 20 40 60 80 lOO 120 140 160 180 200 

Irradiation time (seconds) 

FIG. 9 



47 

the average ot the tbree values ot 1. 
8 

gi ves 

~ 
8 

= 0.009 t 0.004 seconda-1. 

Ueing equation (12) this giTes for the dosage rate, r, 

r = 6.1 ! 2.7 x 105 rep/sec. 

fhe tractions of serum albumin molecules in which one and 

two primary ioni1ations have taken place are plotted against irradia-
~ -1 

tion time in Fig. 10 from equations (3) and (5), uaing ·A= 0.009 Sec. 

A ourve plotted from equation ( 6) tor the fraction ot mole-

oules in which one, and only one, prlmary lonization has ooourred is 

alao shown. This curve has a max~ at irradiation time 

1 
t =­
max ~. 

= 111 seconds • 

II ABSORPTION ME!SURBIŒN'l'S 

1. Absorption Curves and Concentration Scales 

Absorption curTes for haemoglobin irradiated two minutes are 

e • • 
shawn in Fig. 11, tor wavelengtbs 2576 A, 2920 A and 3906 A. Conoen-

tratlon ecales drawn t.rom these ourves and the calibration curves ot 

Fig. l2 are ahown in Fig. 13. 

The concentration ecales show the absorption of a homogeneous 

mixture of protein fragmente. The solutes whose concentrations were 

measured by ultra-violet absorption, howe!er, oonslsted ot partio1es ot 

different slzes dlstributed in the rotating cell aocording to their 

molecular weights. The concentration scalea therefore gave only approxi­

mate relative concentrations ot solute. 
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!he approxtmation is accurate tor high concentrations ot. 

solute where separation into partiales of different sises ia small. 

For low concentrations of amall partiale sizes. tound near the 

meniscus 1n the Svedberg eell, the approximation gives relative co~ 

centrationa liable to error. 1be magnitude or theae errors depends 

upon how the ultra-~iolet absorption of the amall partiales differa 

from that of the remainder of the solute. 

2. SerumAlbumin 

Absorption constants, k, measured at wavelengths 25'76 A and 

2920 A. are shown in Table VII. page , tor serum albuain irradiated 

0, 1, 1.5, 2, 3, 4 and 8 minutes. !he percente.ge changea in k are 

plotted againat irradiation t1me in Fig. 14. Errors of t lo%, indi­

cated on the individual points, are esttmated from the reprodueibility 

of the meaaurements. 1bese variations were attributed to the non­

un1tormi ty of the irradia ti ons J measure.ments JIIS.de on unirradia ted 

material were consistent within two or three percent. 

1be max~ deorease in absorption with irradiation ot 40,% 

was reached after tin minutes of irradiation. J.tter tive minutes' 

irradiation only 2o% ot the albumin was soluble. !bus, the absorption 

ot the proteinwhich was soluble must have increaaed by a factor of 

three at the two wavelengtha where measurements were made. 

The ultra-violet absorption spectrum ot serum albumin haa a 

maximum at 2800 A. Absorption decreases to zero at 3000 A, to a ainl­

mum. at 2600 A and then risee again at lcwrer wavelengtha. Absorption . . ' 

below 2600 A 1s due main! y to peptide bonds • . At 2800 A the absorption 
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is due to the benzene ring structure of the amino acids tryptophane 
Ill • 

and tyrosine. The increased absorption at 2576 A and 2920 A of the 

irradiated material in solution is probably due to a shifting of the 

whole absorption spectrum toward the higher wavele~ths. Atter ir­

radiation with alpha particles Carruthers found that the absorption 

spectrum of aerum albumin extended 1nto the visible region. 

!he absorption or water vapour by albumin before irradiation 

bad a profound etfect on the absorption constant. On a partieularly 

humid day this affect lowered the absorption constants at both we.ve-

lengths by a factor or 'bro. Consistent resulta were again obtained 

when the protein was dried under vacuum for tiTe hours before ir• 

radiation. 

3. Haemoglobin 

• • 
The absorption constants, k, at w&Telengths 2576 A, 2920 A 

• and 3906 A are shawn in Table IX, page 84 • for haemoglobin irra.diated 

o, 1/4, 2, ~ and 8 minutes. 1he percente.ge changea in k are plotted 
.. . 

againat irradiation time for waTelengtbs 2576 A and 2920 A in Fig. 15. 
#1 

and for 3906 A in Fig. 16. !he probable errors indicated are the 

aame as thoae for serum albumin. 

!he solubility of he.emoglobin was unatrected by proton ir­

radiation for times up to eight minutes. !he absorption constants, k 

and ~ of equation (22 a) are therefore the sa.me. It 1a aeen that at . ~ 

2576 A and 2920 A the absorption constant risee with increasing dosage 

• 
as do the corrected absorption constants for serum albumin. At 3906 A, 

however, the absorption constant ia decreaaed by irradiation. 

!he ultra-violet absorption apectrum or haemoglobin below 
0 • 

3000 A. 1s similar to that of serua albumin. Above 3000 A, however, it 
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absorba tar into the visible region. giving the protein ita red 
0 

color. the absorption above 3000 A 1B due to the pyrrole group 

• containing iron. Decrease in absorption at 3906 A with irradiation 

may be due to a breakage in aome bonda in this group or to a 

change in valence or the iron atom in the group • 

• The increase in absorption at 2576 A is probably as in 

serum albumi~ due to a shitting ot the whole absorption spectrum to 

" higher wavelengths. At 2920 A, however, it is observed that the 

points ehowing the change in absorption with irradiation time do 
0 • 

not tall on a smooth curve as do thoae at 2676 A atJd 3906 A. this 

ia due to the ahift in the absorption maximum of 'lobin to higher 
0 

wavelengtha, tending to increase the absorption at 2920 A , and the 

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

III UNIRRADIATED PRO'l'BINS 

1. Serum A.lbumin 

ihe boviDe serum albUm.in was prepe.red by Armour Laboratoriea 

according to methods described by Cohn, Hughes and Weaset22 ). 

The aedillenta ti on constant measured trom the movement ot the 

dittuaion bouDdary at 2920 A was 4.4 x lo-13 seconds. This agrees 

with the sedimentation constant ot 4.5 x lo-13 seconda tound by 

Oncley< 22 ) within the limita ot experimental error. 1be value 

5.3 x lo-13 seconda, tound trom the decrease in concentration at the 

periphery of the cell indieates the presence or some he&Tier impuritiea. 
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2. Haemoglob!n 

The bovine haemoglob!n obta!ned tromArmour Laborator!es 
• 

was a crude preparation. The sedimentation constants at 3906 A. 

meaaured f'rom m.oTement of' the diffusion bounde.ry and decree.se in 

concentration at the periphery of the eell. were 3.3 x lo-13 seconds 

and 6.5 x lo-13 seconds respective1y. ~e T&lue, given by Svedber~(l3 ) 

tor horse and human haemog1ob1n, !a 4.4 x lo-13 seconds. 

The solution was thus polydisperse w!th impur!tiea present 

whose moleoular weighta are both smaller and larger than that of 

haemoglob!n. No non-sedimenting material was deteoted. 

3. Urease 

!he sedimentation constant of urease, aeasured by Sumner(23 ), 

is 18.6 x lo-13 seconda. !Wo different lots of urease, haweTer, 

showed no sedimentation at all after 'bro hours of centrif'uging at 

58.500 g (500 r.p.s.). due to the presence or impurities of low mole-

cular weight. !hese ~purities masked any effect of irradiation on 

the urease molecules when examined in the ultracentrituge; therefore 

no resulta were obte.ined from. sedimentation experimenta with this 

prote in. 

IV SEDDŒNTATION EXPZRIMENTS OB IRRADIATED PROTEINS 

1. General 

All three proteine had a disagreeable odor af'ter irradiation. 

Serum albumin had a yellowish tint and the color or haemoglobin was 

darkened. Color changes were not obvious in solution. Duggar(24) 
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mentions aiœilar odors and changea in color associated with the ir-

radiation or proteine with ultra-~iolet light. !he odor waa aasoc-

iated only with the irradia.ted material and bence ft.B not due to 

bacterial action. 

Serum albumin irradiated with 50 Mev protons tor five 

minutes, at a dosage rate of 6.1 x 104 rep/sec •• was only 2o% soluble 

in acetate buffer solution pH 4.76. !he solubilitiea of haemoglobin 

and ureaae irradiated for timea up to eight minutes at the aame dosage 

rate were unaffected. 

• • Mercury lines at 2576 A and 2920 A were photometered tor 

sedimentation measurementa on serum albumin irradiated 1, 1.5, 2, 3, 

4 and 8 minutes. For haemoglobin irradiated 2, 4 and 8 minutes these 
• 

two lines, and also that at 3906 A, were photometered. 

1be following m.eaaurements were uade on the photometer curvess 

(1) The sedimentation constant was calculated from the rate or move-

ment of the diffusion boundary, uaing equation (18). 

Sample calculationa on the photometer curvea of Fig. 20, tor 

serum albumin irra.diated two minutes, are ahown in Table IV and 

Table V. '!he tollowing symbols are used in the se table at 

I
1 

ia the position on the photometer sheet ot the tiret index 

in the counter-balanee. 

I 2 ia the position of the second index on the photometer sheet. 

1 la the position on the photometer aheet of the center of the 

cell; this is equal to Il+ 12 
• 2 

llf1Jt G.R. la the DaXiœum galvanometer reading associated with the 

max~ concentration or protein at the periphery of the cell. 

max. conc. ia the 118Ximum concentration round from the maximum 

galvanometer reading, uaing the concentration aeale. 
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5o% conc. is the mean ot the maximum concentration and the 

min~ concentration associated with non-aedtmenting 

material. 

G.R. la the galwnometer reading obta.ined from the ooncen-
50 

tration ecale for the mean concentration above. 

x
50 

is the position of the point on the photometer sheet 

where concentration on the ditfua!on boundary is the 

aean concentration. 1his la referred to as the So% point. 

r5
0 

le the distance from the 5o% point to the center of the 

cell. !his ia calculated from the equation 

r' = (y·xso) 
50 • 

where 11. il the magnifioation of the spectrograph at thh 
' 0 

waveleJl!;th• At 2576 A, m = o.9S4. 

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

llr 1a the difference between values of r for a difference in 

time between exposures • 11 t • 

r il the 11.ean Ta lue of r in the time interval 6 t. 
Ill 

Other syœbo1s are as used on pages 10 to 14. 
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TABLE IV 

Plates 176 6 177. 178. 

Bovine Serum A1bumin irradiated 2 minutes. 50 MeT protons. 

Dosage rate = 6.1 x 10
5 

rep/sec • 

• Line 2576 A 

:Minimum Concentration 1.4 mg./cc. 

liiiLX· 6~ G.R!O x 5o rso Plate Bl:posure Il 12 y max.G.R. conc. conc. 
No. No. Dllle mm. mm. om. mg/cc. mg/cc. cm. mm. IDIIl· 

176 1 0.18 14.32 7.25 11.30 8.oo 4.70 9.55 1.02 6.66 

177 2 0.56 14.11 '7.63 10.90 6.90 4.16 8.8o 2.75 5.33 

17'7 3 0.38 14.68 '7.48 10.55 6.20 s.eo 8.45 3.70 4.05 

177 4 0.32 14.45 '7.39 9.95 5.36 3.38 7.98 4.65 2.94 

118 5 0.19 14.35 7.27 9.10 s.oo 3.20 1.60 5.04 2.39 

'flBLIV 

Exposure r50 ôr rm .,2 'l' l)t No. (rad/sec)2 n~~o s2o cm. cm. om. x lo-6 oc aec. 
seo. x 1013 

1 6.134 
0.133 t5.200 20.9 2'7.4 1'740 0.842 5.92 

2 5.26'7 
0.128 5.331 21.0 27.8 1800 0.839 5.34 

3 5.395 
0.111 5.450 21.0 28.1 1800 0.835 4.60 

4 6.506 
0.055 6.533 21.1 28.6 1800 0.831 2.18 

5 6.561 
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Ua ing f'igurea f'or exposures #= 1 and f 2 • 

o.1ss x o.842 
= 20.9 x 106 x 5.200 x 1740 

= 5.92 x 1o-13 seconds. 

Mean s• = 4.5 ! 1.1 x 1o-13 seconds. 
20 

= 4.8 ± 1.1 x 1o-13 seconds. 

(18) 

(20) 

T.he deerease in the sedimentation constant with time as the 

solute sediments towards the peripbery of the ce11 shows tbat the 

solute ia polydisperse. The sedimentation constants for irradiated 

proteine have been 1iated with the probable errora. The probable 

error gives a measure of' polydispersi ty for the solute. ihe uncertainty 

in probable error ealeu1ated from four measurements is 28,%. 

(11) T.he sedimentation constant ea1cu1ated using equation (19) was 

attributed to aggregation products. !he molecular weights eorresponding 

to these sedimentation constants., ta.ken t'rom Fig. 27., page 80., are in 

!Ood agreement with those estimated tram electron micrographs of ir-

radiated serum albumin. 

1he concentration of aggregation producta was esti.mated by 

eomparing the decrease in concentration at the periphery of the cell, 

a:f"ter two hours' sedimentation., with that o:f" normal protein. 
tl . 

!able VI shows calculations made at 2576 A on the deoreaae of 

concentration in the eell. 
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TABLE VI 

li!xp. )~Jx. r' ;/o c' ldg cl n1"~0log10cJ!c 1 t n n20 2 1 
No. Cone. w - lOëi 

ci w2 
(rad/sec)2 

(rad/aec)-2 x 109 see. 
mg,/ec. oc ~ 1o·6 , 

1 e.oo 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 

s 6.20 28.0 0.837 21.1 1.290 0.1106 4.39 4260 

4 5.36 28.3 0.833 21.1 1.495 0.1746 6.89 6060 

5 s.oo 28.7 0.829 21.2 1.600 0.2041 e.oo 7860 

!he tollowing symbol1 have been used 1n Table VI. 

T the average temperature of the rotor from the tirst exposure to 

the tim.e • t. 

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

cl 
ratio ot the initial maximum concentration to the maximum at 

ci 
exposure, i. 

In Fig. 24. page 78. 10gl0 cJ!ci (n~~O) has been p1otted 
.,2 

against t. 7he s1ope ot this curve. tanp, gives the sedimentation 

constant using the equation 

tang! 

10.50 = 10,000 
x lo-9 x 1 

0.869 
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8 = 1.0'7 S' 
20 20 

= 13 x 1o-13 seconds. 

The concentration at the periphery of the cell after two 

hours of centrifuging at 125.000 g waa 63% of the original concen-

tration. After sedimenting for the sa.me time under the same con-

ditions. the relative concentration of unirradiated serum albumin 

decreased to 81%. The difference of 1~ is ascribed to aggregation 

producta. The assumption that atter two hours of sedimentation the 

bulk of the aggregation products have been removed from the solution 

is supported by the faet that the distribution in the eell of these 

particles was approaching equilibrium. as shawn by the inerease in 

back d-iffusion. 

7ables VII and IX show the resulta obtained from absorption 

and sedimentation experimenta on serum albumin and haemoglobin re-

spectively. 18ble VII is divided into two parts and Table IX into 

three parts • showing the resul ts obtained at the two different wave-

lengths for serum albumin and the three different wavelengths for 

haemoglob!n. 

Results have been listed under the following headings: 

820 - diffusion boundary - column s. refera to the average sedi­

mentation constant measured from ·the rate of movem.ent 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. 

820 - aggregates - column 4. refera to the sedimentation constant 

calculated from the decrease in concentration of the protein in 

the periphery of the oell. 
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RelatlTe concentration of aggregatea - column 5, ia obtained by 

oomparing the decrease in concentration after t.o hours of 

sedimentationwith the decrease in concentration of normal 

serum albumin under the same conditions. 

Relative concentration of no~sedimentlng material - column 6 -

shows the relative concentration of non-sedimenting material 

in the rotating cell. this material remained at the meniscua 

after two hours of centrifuging. Only small fragments were 

present hers. The concentration scala gave a good approxi­

mation to the relative concentration only when the distribution 

in aize of fragments in solution was not too different from 

that ln the solution which bad not been centrifuged. The ab­

sorption constant probably varies direotly as some positive 

power of the molecular weight of the partiales. This would 

. raise the true relative concentration of these particles. 

meaaured as a percentage byweight. 7heir percentage by number 

would be oonsiderably hlgher. 



Resulta of sed~ntation and absorption experimenta on serua albumin 

0 0 

Resulta at 2576 A Resulta at 2920 A 

. 
:Lrrad. 82o 82o Rel.Cono. Rel.Conc. 82o · 

8
20 

Rel.Conc. Ré1.Cono. 
Time Tc Aggreg. Non-sed. ic lliffusi()n Aggreg. Non-sed. Diffusion Aggreg. !lateria1 Aggreg. Ma.terial 

ioundary Boundary 
~ -1 13 13 % % (~ ,-1 . 13 . 1:5 

% % minutes ( oc) sec x 10 seex 10 cc sec x 10 seo x 10 
Ol 
Ol 

0 0.261 4.4 '! o.:s 5.2 0 0 0.177 not measured 

1 0.269 4.5 '! 0.2 12 21 0 0.186 4.6 '! o.s 12 21 0 

1.5 0.203 4.6 t 0.7 15 29 2 0.1:57 4.5 t 1.:5 20 33 0 

2 0.200 { 4.8 :t 1.1 13 27 10 0.129 4.9 t 1.3 17 31 12 

0.25 

3 0.144 3.4 t 0.5 14 30 12 o.oss 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 0.150 not measured 50 0.102 not measured 6.1 9 50 

TABLE VII 

-; 
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2. Serum A1bumin 

•) Photometer Curvee. Photometer curves of the 1ine at 
p 

2920 A, showing the sedimentation of un1rra.diated serum a1bum1n-

are ahown in Fig. 17. Figs. 18 and 19 show photometer ourvea of 
0 6 

the 1ines at 2576 A and 2920 A for serum albumin irradiated one 

minute • Fige. 20 and 21 for two minutes' irradiation, and Fig. 22 

and 23 for four minutes' irradiation. 

Considering the photomater curvea ot albumin irradiated 

one minute, shawn in Figs. 18 and 19, ther• was clearly a differ-

ence ln the sedimentation near the meniscua at the two different 

Exposure # 1 in Figs. 18 and 19 corresponds to the distri-

bution of proteln in the ce11 when the rotor has been running at 
0 . 

tu11 speed for one minute. At 2920 A the meniscus at the point 

" marked "•" was clearly defined, while at 2576 A it was barely evident 

as a slight bend in the diffusion boundary. In Erposure # 2 (one• 
0 

half hour later) at 2920 A sedimentation was well c1•ar of the menis-

eus and the concentration of material absorbing at this wavelength 
0 

next to the meniscua was zero. At 2576 A the concentration of 

material next to the Dlllnisous wa.a 5%. 

The difference in the sedimentation of small ftoagments 

meaaured at the two wavelengtha ia shawn more distinctly in Figs. 20 

and 21. 
. • 0 

Theae figures show photometer curves at 2576 A and 2920 A 

f'or serum a1bumin irradiated f'or two minutes. 
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0 

At 2576 A, partic1es of two distinotly different sizes 

sedimenting at different speeds caused a discontinuity in the dit­

fusion boundary. The large particles in high concentration had a 

sedimentation constant ot 4.8 ± 1.1 x 1o-13 seconds, giving them a 

distribution in molecular weight about that of unirradiated serum 

a1bumin. The 1mrest sedimentation constant measured on this part 

of the boundary was -13 s20 = 2.0 x 10 seconds. 

The second diffusion boundary whioh separated from the main 

diffusion boundary approximately one hour after sedimentation began 

h shmrn in exposures 3, 4 and 5 ot Fig. 20, marked "d". The par-

ticles causing this second boundary had a sedimentation constant of 

2.5 x 10-14 seconds. This was measured by the movement of the boun-

dary between exposures 3 and s. 

The gram molecu1ar weight corresponding to a diffusion eon­
-14 

stant of 2.5 x 10 seconds, from Fig. 27, is 1000. T.he relative 

concentration of these fragments was 6%. 

There is DO disoontinuity in the diffusion boundary at the_ 
0 

wave1ength 2920 A, 1hown in Fig. 21. If the fragments absorbed ~\lally 

on this line a dip in the photometer curve ot 0.5 cm. would be expeoted. 

Photometer our'V'es for the sedimentation experimenta on serua 

a1bumin irradiated 1.5 minutes resembled those for serum aloumin ir-

radiated 1 minute. Photometer ourves for experimenta on albumin irrad-

iated 3 minutes resembled those for the 2-minute irradiation, exoept 

that the average size of fragments present decreased. This made the 

separation of the two diffusion boundaries smal1er. 

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

radiated four minutes. In this case the average aize of the fragments 
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in solution again decreased. !he distribution in sise or the 

fragmenta wa.s conti~ous from particles which did not sediœent 

at all to normal serum albumin molecules. 

b) Diffus ion Boundary lleasuremen ta. 'lhe anrage sedimen-

tation constant measured trom the rate of movement of tite diffusion 

boundary remained equa.l to tha.t tor serum albumin for irradiation 

times up to three minutes al though the polydispers 1 ty, as Jll8aaured 

by the probable error, inoreased. This ettect was attributed to 

the presence o~albumin unatfected by the irradiation which for a 

two-mi~te irradiation wa.s estimated at 73% of the solute. This 

percentage wa.s estimated in the tollowing way. 

From Fig. 10, fraction of molecules unatfected by ir­

radiation = 34%. This traction is completely soluble. 

Of the molecules aftected by irradiation, only 1/5 are 

soluble from measurements on solubility atter irradiation for tiTe 

minutes. 

This gives tor the traction of the protein whieh was soluble • 13%. 

Thus, the traction of the original protein in the solution 

was 47'%, and of this the relative concentration of uDaffected serum 

albumin molecules wa.s '73%. 

Atter four minutes• irradiation the relative concentration 

of unaffected molecules in solution was only 38%. 

The decrease in concentration of unaffected albumln molecules 

was, however, not the only cause of the decrease in average aediœen­

tation constant. the number ot amall tragments, both non-sedimenting and 

sedimenting, also increased. 1he concentration ot non-sedimenting 
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fragments became so high atter irradiation tor eight minutes that no 

measurement eould be made on the movement of the diffusion boundary. 
0 

The average sedimentation constants measured at 2920 A 
0 

were a little higher than those measured at 2576 A. The probable 

errors are also hi~her. In general, smaller fragments did not absorb 
0 0 

as much at 2920 A as at 2576 A. In addition the sedimentation con-

stant, as measured from the decrease in concentration at the periphery 
0 

of the cell, was higher at 2920 A, 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 dittudon boundary. 

c) Aggregation Products. Agg~tegation products were round to 

be present in high concentration tor all irradiation t~es of less 

than eight minutes. !he average of the ten measurements gives a value 

tor the sedimentation constant measured from the deorease in concen­

tration at the periphery of the cell, ot 16 x lo-13 seconds. This 

corresponds to a 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 shawn in Figs. 26 and 26. ihe 

magnification is approxtmately 17,000 diameters. 

In Fig. 26, the electron miorograph of irradiated serum 

albumin, three different sizes of partiales can be distinguished •. 

1) Very small particles appear faintly in the background. The 

diameter ot these partieles is comparable with the limit ot resolution 

of the electron microscope, 3 ~. Their aize is thus comparable to 

that of normal serum albumin molecules, diameter 4.4 ~· 
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Fig. 25 

Electroq Micrograph of 
Unirradiated Urease. 

x 17,000 dlameters 

rs.1 • as 
lleotron M1orocraph ot 
Se~ Albwaln Irradlated S ata. 

x 17,000 dla .. ter• 
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11) Very large particles with diameters at least twice that of 

the urease molecules shawn in Fig. 25 are apparent. Since urease 

molecules have a gram molecular weight of 480,000, the molecular 

6 weight of these particles is approximately 4 x 10 • The corresponding 

sedimentation constant, 7 x lo-12 seconds (from Fig. 27) is so high 

that these particles would sediment to the bottom ot the cell before 

the centrifuge rotor reached its full speed of 730 r.p.s. 

iii) Partieles of sise intermediate between these extremes can 

also be seen. Their diameters are comparable in aize to that of the 

urease molecules of Fig. 25, giving them a gram moleeular weight of 

approximately 500,000. This is in good agreement with the grammole­

cular weight (420,000) est!œated from the sedimentation constant 

measured by rate of decrease in concentration at the periphery of the 

cell. 

Atter eight minutes' irradiation the sedimentation constant, 

measured by the rate of deerease in concentration at the periphery of 

the cell, dropped from the value of 14 x lo-13 seconds after tour 

minutes' irradiation, to 6 x lo-13 seconds. The total change in rela­

tive concentration was only 9% different trom that of normal •erum 

albumin. It is probable that in this run very few aggregat!on products 

were present. 

~ble VII shows the various breakdown products as percentages 

by weight of serum albumin irradiated two and four minutes. In making 

these calculat!ona Fig. 10 has been used to find the number of mole-

cules inwhich a primary ionisation ocourred. Ot these, 2o.%were a•sumed 

to be soluble. 
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For calculationa on tragments other than the insoluble 
0 

produota the concentrations measured at 2576 A. from. 1'a.ble VII., were 

used. No calculation could be made of the traction ot material in 

solution whioh had approxi.ately the same size as unattected protein. 

It is estimated that theae would amount to five or ten percent ot 

the irradiated material. 

TABLE VIII 

or-_;-... -- - ·· -

2 minutes 4 minutes 

Insoluble • terial 

Unatteoted protein 

Non-sedimenting tragments 

Slowly aedimenting fragments 

Aggregation producte 

Total 102,: 

s. Haemoglobin 

Resulta of sedimentation experimenta on haemoglobin ir-

radiated 2., 4 and 8 minutes. and absorption exper1menta tor haemo­

globln irradiated o. 1/4. 1., 2, 4 and 8 minutes, are ahown 1n Table IX. 

The oolu;m headinga 1n this table are the same as in 'l'able VII. 1he 

eftect of proton irradiation on this pr<>tein was altogether different 

trom its affect on serum albumin. 

1) Irradiation had no ettect on the solubility ot the protein tor 

irradiation timea up to eight minutes. 
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11) No aggregation products were observed until after eight 

minutes' irradiation. This was eontirmed by electron microscope 

examination of haemoglobin irradiated five minutee. No aign ot 

aggregation produots was found. 
~ 0 

iii) Although the llght absorption at 2576 A and 2920 A increased 

as dld the absorption of aerum albumin when corrected for aolubility, 
0 

the absorption at 3906 A decreaaed. 
0 

No non-sedimenting material was found at 3906 A • Non-sedi-
0 g 

menting material tound at 2920 A and 2576 A was tound in relative 

concentrations that did not follow a consistent pattern. 

iv) !he effect of ~purities on the average sedtmentation con-

etants measured by the rate ot movement of the diffusion boundary at 
0 0 

2576 A and 2920 A is unknown. They remained tairly constant, hawever, 

for two and four minutes at thel~ respective values of 4.0 x 1~-13 sec. 

and 3.7 x 1o-13 seconds, atter eight minutes' irradiation. The sed~en-
G 

tation constant measured at 3906 A rose slightly with time of irradiation 

-13 13 from 3.3 x 10 seconds tor the unirradiated protein, to 4.0 x 10- sec. 

for protein irradiated eight minutes. The particles sedimenting on this 

line were alightly less polydisperse. as measured by the probable error, 

than on the other linas. 

Since this molecule haa the same molec~lar Wêight as serum 

albumin, the analysia of the number of molecules affected by the ir­

radiation should be the same. This was confirmed by the changes in 

the absorption constants shawn in Fig. 15 and Fig. 16. 
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,TABLE IX 

Resulta of sedimentation and absorption experimenta on haemog1obin. 

Irrad. 82o 82o Rel. Cone. Rel. Cone. 
'l'ime k Diffusion Ag gre gate Aggregate Non-sed. 

Boundary Jfaterial 

··min. (mg/cef1 seo x 1013 . seo x 1013 % % 

0 

Line 2576 A 

0 1.14 

0.25 1.43 

l 1.62 

2 1.69 4.2t 1.0 4.8 0 10 

4 1.41 4.3t o.a 6.1 0 0 

8 1.91 3.1! o.e 16 17 10 

1) 

Line 2920 A 

0 0.99 

0.25 1.06 

1 1.04 

2 1.39 3.8 t 0.6 9.2 5 0 

4 1.25 4.0 ± 1.3 8.1 5 20 

8 1.54 2.1± 0.3 14 17 0 

0 
Line 3906 A 

0 3.45 3.3! 0.4 6.9 

0.25 2.85 

1 2.43 

2 2.68 3.6 ± o.s 6.1 6 0 

4 1.92 4.5 ± 0.1 8.8 5 0 

8 2.43 + 4.3 - 0.4 18 11 0 
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CHAPTER VI - CONCLUSIONS 

I IRRADIATED SERUM ALBUMIN 

i) The dosage rate of 50 Mev protons with which serum albumin 

and haemoglobin were irradiated was 6.1 t 2.1 x 105 rep/second. 

11) The ultra-violet absorption constants of serum albumin and 

haemoglobin changed rapidly with irradiation times up to five minutes. 

Atter this the peroentage changes remained nearly constant. Calcu-

lations trom the measured dosage rate show that at this irradiation 

time a primary ionisation had occurred in 93% of the irradiated 

molecules. 

Hi) In sedimentation experimente on serum albumin irradiated 

tor times up to three minutes, small fragments were round wi th a 

sedimentation constant of 2.5 x lo-14 seconds and an estimated gram 

molecular weight of 1000. Tbese did not absorb in the ultra-violet 
0 

at 2920 A. 

These particles were most evident for serum albumin ir-

radiated two minutes. For irradiation times lesa than this their 

concentration was not high enough to allow a measurement of the sadi-

men ta tion constant. For longer irradia ti on times a continuum of 

fragments of comparable aize was found. 

From Fig. 10 it is seen that for the measured dosage rate, 

the affects of a single primary ionization on molecules of serum 

albumin should be most evident after irradiation for 111 seconds. At 

this time a maximum number of molecules have received one, and only 

one, prtœary ionisation. It is concluded that bovine serum albumin 

molecules in whioh only a single primary ionisation has occurred break 
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up to give fragments of gram molecular weight 1000 preterentially. 

!hese particlea are probably peptides, whieh do not contain the 
0 

amino ac id tryptophane, which absorba very strongly at 2920 A. 

The relative concentration of these fragments, as measured by their 
0 

absorption at 2576 A, was only about 6%. However, their relative 

number might be considerably higher than this if absorption inereasea 

with the aize of the molecules. 

iv) As the number of primary ionisations ooeurring in the 

serum albumin molecules inoreased, large numbers of small non-

sedimenting fragments were formed. The average s he of the sedim.enting 

partioles decreased until a continuum of aizes, ineludlng non-

sedimenting fragments and normal serum albumin molecules, was present. 

v) For serum albumin irradiated under eight minutes, high 

concentrations of aggregation produots were found. ~eir average 

gram moleoular weight was estimated at 500,000. Using the electron 

microscope still larger partioles, with a gram molecular weight est!-

mated at 4,000,000, were seen. Atter irradiation tor eight minutes 

no aggregation produets were found. 

II IRRADIATED HAEMOGLOBIN 

1) Haemoglobin was round to be much more stable under proton 

irradiation than was serum albumin. No affects were round in haemo-

globin which could be attributed to a single ionization per molecule. 

With increasing dosages of protons the material beoame inoreasingly 

polydisperse, with an average size similar to that of normal haemo-

globin. No large aggregates were formed until after eight minutes of 

irradiation. These had a gram molecule.r weight of about 500,000. 1'heir 
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absence for bro and tour minute irradiations indicates that at least 

tbree ionizations per molecule are required before they torm 1n ap-

preciable quantity. 
0 

The decrease in absorption at wavelength S906 A is attributed 

to a rearrangement ot chemical bonds, rather than to preferential 

destruction of the haem group. Total preferential destruction of the 

haem group would lead to zero absorption at this wavelength after 

five minutes' irradiation. Similarly, changes in chemioal bonds in 
0 C> 

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

III mE EXPERIMENTAL 'l'ECHNIQUE 

1. Ul tracentrituge Measurements 

It bas been shown that the simul taneous measurement of 

sed~entation in different regions of the absorption spectrum is a 

very powertul technique in making ultraeentrituge measurements on 

polydisperse systema. In the present work the technique was lim!ted 

by the small number of mercury lines in which measurements could be 

made. A light source giving a continuous spectrum of uniform inten-
0 D 

sity from 2200 A 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 assooiated more oloselywith constituants of the 

molecules, might prove truittul. 

2. Irradiation of the Proteine 

The irradiations suffer from the fact that the beam current, 

and henee the dosage of protons hittin~ the protein target, oannot be 
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meaaured aocurately. For 1uoh meaauremente the beam •hould be 

toouased on the target, DlOunted in a Faraday eup tc collect the 

protons. This would in praotice necessitate that the beam be ex­

traoted from the cyclotron tank. 

3. The Appara tua 

Operation ot the centrifuge at lOO r.p.a. would increase 

the radial acceleration trom 125,000 g, achieved at 730 r.p.s., to 

234,000 g. To attain 1000 r.p.s. a new rotor which haa a 1tronger 

beam holding the oell in place, ia required. At thia higher apeed 

it would no doubt be possible to resolve more fragments than waa 

possible in the present work. 

Wear in the centrifUge bearings ia oauaed ehietly by reson­

ances in the rotating system in acceleration and deoceleration. !he 

newly dea1gned bearings were tound to be very satiatactory, lasting 

tor at least thirty high-speed run., eaoh ot severa! hours' duration. 
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