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Molecular Mass and Volume in Radiation Target Theory
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ABSTRACT Radiation target analysis is based on the action of ionizing radiation directly on macromolecules. Interactions
of this radiation with the molecules leads to considerable structural damage and consequent loss of biological activity. The
radiation sensitivity is dependent on the size of the macromolecules. There has been confusion and discrepancy as to whether
the molecular mass or the molecular volume was the determinant factor in the sensitivity. Some proteins are known to change
their hydrodynamic volume at low pH, and this characteristic can be utilized to compare the radiation sensitivities of these
proteins in the two states. The results show that the radiation sensitivity of proteins depends on the mass of the molecule and
is independent of the molecular volume/shape.

INTRODUCTION

Radiation target analysis is based on the action of ionizingvas fundamentally incorrect and a more appropriate de-
radiation directly on macromolecules (Lea, 1955; Pollard escription is the following equation:
al., 1955). With the use of gamma rays or high-energy

electrons, the method has been used to determine the size of A= A, e 9mP
many different proteins (Kempner and Schlegel, 1979;
Kempner, 1988). where the radiation dod® is in rads (defined as ionizations

Crowther’s original exposition of target theory (1924) per gram of material)m is the mass of the radiation-
noted the exponential loss of biological activity with ioniz- sensitive unit, andj is a constant (Kempner, 1988).
ing radiation: A fundamental assumption in radiation analysis is that
each primary ionization (a random event) leads to a loss of
A=Ag" activity/structure of that molecular unit. Experimentally one
L measures the surviving molecular units as a function of
wherel refers to the number of ionization events caused by, jiation dose. According to the Poisson distribution, the
the radiation. This was originally measured in terms Offrequency of molecules with zero eventsaisX wherex is
roentgens, a unit defined in terms of ionized pairs generateg, average number of events per molecule. Thus the num-
by radiation in a cubic centimeter of air at STP. Thus¥he o ot intact moleculesd) is equal to the number of original

tﬁ_rm_lnftrl}e exgorr]]ent uad to have thed_un_lts of VO“_J_me'“Fr?”holecules A,) times the negative exponent of the number
this it followed that there was a radiation-sensitive *vol- ;¢ binar onizations (Pl) per molecule (m):

ume” that was associated with the specific biological activ-
ity. This concept was used universally for the next 60 years. A= A Pm 1)
However, objections to the definition of the roentgen unit

arose in the 1920s. A gamma ray or an electron travelingrhe radiation dose, is usually measured in rads, a unit that
through free space does nothing; only when matter iss defined as that amount of radiation that deposits 100 ergs/g

the more matter that is present, the greater the chance of an

interaction. This led to a redefinition of the “roentgen” unit D =1 X 10° X 100 erg/g

(and its successor units, such as the rad or Gray) in terms of

ionizations per gram. However, the idea of a radiation-Converting ergs to primary ionization events, using the
sensitive volume persisted (Lea, 1955; Pollard et al., 1955¢onstantg, gives

Kepner and Macey, 1968; Kempner and Schlegel, 1979;

Jung, 1984). It has been suggested that the volume concept g = 6.24x 10" (eV/erg X (P1/65 eV)

which results in
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Multiplying by M, the molecular mass, we obtain the pri-  Lysozyme activity was measured as described in the Worthington manual.

mary ionization per molecule: G3PDH activity was measured aOD,,4/min in a solution of 0.1 M
Tris (pH 8.4), 10 mM sodium arsenate, 1 mM NAD, 9 mM cysteine, and
DgM/N = (6.24 X 10'%{65 X 6.023x 10%%) 0.50 umol glyceraldehyde 3-phosphate at 25°C.

Size exclusion chromatography was performed on a Gilson high-per-

- (PI/moleculg X (moles/g X (g/mole formance liquid chromatography (HPLC) system, using a Pharmacia Su-
perdex 200 column (1& 300 mm). KPQ (0.05 M) + 0.35 M KCI (pH

We can restate Eq. 1 as 6.5), at a flow rate of 0.4 ml/min, was used to elute the proteins. Column
elution was monitored at 280 nm. Fractions of 0.25 ml were collected, and
A= A PN (2) the peak samples were pooled.

) ) ) For irradiation, 3,3-dimethylglutaric acid (Sigma D-4379) buffer (0.05
The unknown in Eqg. 2, the molecular mass, is obtained fronMm) at pH 2.5 or pH 7.4 was used to bring each protein to 2.0 mg/ml

the slope of a plot of the fraction remaining molecules(Kempner and Miller, 1994). Samples were held at pH 2.5 or 7.4 at 4°C for
versus radiation dose. This implied that the volume of thed hours to achieve equilibrium. Aliquots of 0.25 ml were placed in 2-ml

unit per se was not involved. The original volume conce tglass ampules (Kimble 12010L-2) and frozen rapidly in crushed dry ice.
p : g p Ampules were sealed with a gas-@rch without thawing of the sample.

has not been _ab_andoned_ _and some radiation studies still samples were held at80°C, except during irradiation at135°C.
refer to the radiation-sensitive volume (Bradbury and Zam-Radiation exposures of 0-100 Mrads were obtained from 10-MeV elec-
mit, 1990; Lidzey et al., 1995). trons produced by a linear electron accelerator (Armed Forces Radiobiol-

There are proteins that significantly change their hydro_ogy Research Institute, Bethesda, MD) as described (Harmon et al., 1985).

dvnamic properties at different bH. Clearly the molecular After irradiation, vials were stored unopened -a80°C for several
y prop pH. y weeks until assay. Vials were opened, and the gas phase was allowed to

mass of the pr_otein molecule _is unaltered. Presgmably ther@«:hange before the samples were thawed.

are conformational changes in the molecule with pH, and SDS-PAGE was performed as described (Miller et al., 1998). Aliquots of

the quantity of associated solvent molecules is modified. |fthe irradiated proteins were electrophoresed and the gels stained with Coo-

such proteins were irradiated at two appropriately differingmaSSie blue. Densitometric scans of the gels permitted quantitative determi-
- s . nations of the amount of monomers surviving in each irradiated sample.

pH values, the radiation sensitivity should change if the

hydrodynamic volume is a contributing factor; no change in

sensitivity would be observed only if the protein mass wereRESULTS

the dependent variable. .
Using these criteria, three different proteins at neutral OrDlmethngIutarate buffer was used throughout these exper-

acid pH were frozen and irradiated. Two proteins Were|ments because it exhibits pK values permitting it to be used

chosen because of their dramatic changes in hydrodynam%S a buffer at both the neutral (pH 7.4) and acid (pH 2.5)

volume and shape (Charlwood and Ens, 1957; Shibata an\aalu_es whe_re two of the enzymes show dramatic changes in
sedimentation constants.

Kronman, 1967; Champagne, 1957; Sogami and Foster, The three proteins used in these studies were selected be-

1968; Tanford et al,, 1955; Luzzatti et al., 1961; Raj andcause of their reported sedimentation constants at pH 7.4 and
Flygare, 1974), and one because it showed no change (Tan: b bR 7.

ford, 1968). Measurement of the amount of surviving mono_pH 2.5. Each protein solution was frozen and thawed at neutral

mers in these proteins when irradiated at either neutral op at acid pH before sedimentation analysis. These samples

low pH permits quantitative determination of their radiation confirmed the reported hydrodynamic properties (Table 1).

sensitivity in each condition.
Lysozyme

MATERIALS AND METHODS Enzymatic activity and surviving monomers were deter-

Chicken egg white lysozyme was purchased from Sigma (L-6876) as 57“”9‘?‘ in Iysozyme samples irradiated at neutral pH._ S_am'
lyophilized powder containing sodium acetate and sodium chloride. Boles irradiated at pH 2.5 were later thawed for similar

vine serum albumin from cow blood was obtained from Sigma (A-0281) asdeterminations; activity measurements were performed at
a lyophilized powder. Rabbit muscle glyceraldehyde 3-phosphate dehydrahe same neutral pH that was used for the pH 7.4 irradiated

genase from Sigma (G-2267) was supplied as a lyophilized powder fromy, 1y e There was no loss of enzymatic activity due to either
citrate buffer. Each protein was examined for contaminants with a size ’

exclusion column as well as by sodium dodecy! sulfate-polyacrylamide gerreezmg and thawmg, or to the freeze-thaw CyCIe at acid pH.

electrophoresis (SDS-PAGE). Lysozyme was essentially clean of other

proteins and was used without further purification. Bovine serum albumin

(BSA) and glyceraldehyde 3-phosphate dehydrogenase (G3PDH) werEABLE 1 Sedimentation analysis of the proteins used in this

refined by selecting the dominant peak from size exclusion chromatograstudy

phy. The buffer was changed to the appropriate dimethylglutarate buffer by

use of Amicon Centricon 10 tubes. The SDS-PAGE of these samples S20.w

showed only a single Coomassie-stained band. Protein pH 7.4 pH 2.5

oo (b2, o o s i 00T L7008 165011
) o ' : Bovine serum albumin 4.34 0.02 3.04+ 0.03

g(;gg;l(—j!)e.n;l:;se concentrations were sufficient to produce an adequat&lyceraldehyde 3-phosphate dehydrogenase .8631 2.72+ 0.36
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Multiple independent radiation experiments were per- 2 .
formed, each yielding reproducible results. The enzymatic
activity of the lysozyme decreased as the same exponential
function of radiation exposure at both pH values (Fig. 1).
The amount of surviving lysozyme monomers was only
slightly affected by exposure to high-energy electrons, re—g
gardless of the pH of the buffer (Fig. 2). The radiation target =
sizes calculated from the individual experiments are given
in Table 2.

Bovine serum albumin 01k |

%1ON REM

Because BSA possesses no enzymatic activity, only th
surviving monomers could be monitored in irradiated sam-
ples. Multiple independent experiments yielded very repro-
ducible results. In each experiment, parallel samples were
irradiated at each pH. Data from four independent experi-
ments were combined; Fig. 3 shows the fraction of initial

monomers that remained after exposure to a range of radi-
ation doses. The same results were obtained for samples 0.01 !

FRAC

irradiated at the two pH values. Table 2 gives the target 0 50 100 150
sizes for loss of BSA monomers calculated from the indi-
vidual experiments. DOSE (Mrads)

FIGURE 2 Lysozyme monomers surviving irradiation at pH 22§ ér
Glyceraldehyde 3-phosphate dehydrogenase pH 7.4 (). Data from three independent experiments in Fig. 1 are shown

. o . . th A+ SD. The solid line is a least- fit to the pH 7.4 data.
The enzymatic activity of G3PDH survived freezing and as the mea ¢ soldiine s afeastsquares itfo fhe p aa

thawing at pH 7.4 without loss, but little or no activity was

observed after exposure to pH 2.5, even without freezing.
Only surviving monomers could be measured in samples of
G3PDH irradiated at pH 7.4 and pH 2.5. Fig. 4 shows the
combined results from four independent experiments. The
target sizes calculated in each experiment at both pH values
(Table 2) show no difference in the enzyme irradiated in the
two states.

2 T T

DISCUSSION

The hydrodynamic properties of proteins are dependent on
their mass as well as that of their associated solvent molecules.
The shape of the molecule is also a factor. Some proteins have
been shown to display a change in sedimentation constant in
going from neutral to acid pH. Because the monomeric mass of
the protein is constant, this variation is ascribed to changes in
protein conformation and associated solvent molecules. In the
case of G3PDH, there is a profound decrease in sedimentation

FRACTION REMAINING

0.01 TABLE 2 Radiation target sizes based on loss of monomers
0 50 100 150
Target size (kDa)
DOSE (Mrads) Protein pH 7.4 pH 2.5
Lysozyme 20570 14.0=538

FIGURE 1 Surviving lysozyme activity in samples irradiated frozen at
pH 2.5 () or pH 7.4 ®). Data from four independent experiments are
shown as mear- SD.

Bovine serum albumin 59.66 8.4 74.7+ 228
Glyceraldehyde 3-phosphate dehydrogenase #80.4 55.4+ 18.8
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FIGURE 3 Bovine serum albumin monomers surviving irradiation at pH FIGURE 4 G|ycera|dehyde 3_phosphate dehydrogenage monomers sur-

2.5(#)orpH 7.4 (0). Data from four independent experiments are shown yiying irradiation at pH 2.5@) or pH 7.4 @). Data from four independent

as meant SD. The solid line is a least-squares fit to the pH 7.4 data; theexperiments are shown as mearSD. The solid line is a least-squares fit

dashed line is a theoretical fit, assuming radiation sensitivity at low pHto the pH 7.4 data; the dashed line is a theoretical fit, assuming radiation

changes in inverse proportion $,,, and assuming spherical geometry.  sensitivity at low pH changes inversely wisf, ,, and assuming spherical
geometry and dissociation into monomers.

constant at low pH due to the release of monomers from the
tetramer (Shibata and Kronman, 1967).

This property of proteins can be utilized to resolve a If the “radiation-sensitive volume” refers to the volume
question that has been recurrent in the development d¥f the polypeptide chain alone, the difference between the
radiation target theory. The concept of a “radiation-sensitiveises of mass or volume would be trivial:\fin in the first
volume” was inherent in the first description of target theoryequation above refers to the molar volunwéM, which is
some 75 years ago (Crowther, 1924). It arose because tigluivalent to the partial specific volunwyg, then
gnit of radie_ltio_n d(_)se, the roentgen, was defined at that ti_me IV = (PIN) X (Vig) = Dq
in terms of ionizations (or more correctly, electrostatic units
of charge) per unit volume. Subsequently, the great develBut if the hydrodynamic volume or shape is involved, there
opment of target theory by Lea (1955) was focused on thean be significant deviations compared to that of the polypep-
sensitive volume concept, and this was perpetuated by othide chain alone. Now an experiment has been designed to
ers in the field (Pollard et al., 1955; Kempner and Schlegelspecifically address this question. At acid pH, some proteins
1979; Jung, 1984). The conceptual model imagines a prishow altered sedimentation in the ultracentrifuge; this has been
mary ionization occurring in a molecule at some point indescribed as a change in hydrodynamic volume. Because there
space, and radiolytic products then diffusing to and reactings no change in the inherent mass of the monomeric polypep-
with some biologically active structure that was therebytides, this phenomenon can be utilized to test whether the
inactivated. Refinement of the radiation target techniqueadiation sensitivity of frozen proteins depends on the mass or
showed that irradiation of frozen samples was the best anthe volume/shape of the molecule.
most reliable method. Under such conditions, diffusion of The reported effects of pH on the sedimentation constant
radiation products is effectively eliminated. It was specifi- of three proteins were confirmed in the present samples,
cally stated that mass was the appropriate parameter (Steehich were acidified, frozen, and thawed. The sedimenta-
et al.,, 1980; Beauregard et al.,, 1987), and a theoreticaion of lysozyme is independent of pH (Tanford, 1968) and
physics explanation for this was put forth (Kempner andwas chosen as an internal control. As expected, both the
Haigler, 1985). Nevertheless, the “volume” concept hasnzymatic activity and the amount of surviving monomers
persisted (Bradbury and Zammit, 1990; Lidzey et al., 1995)of lysozyme showed no change in radiation sensitivity at the
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TABLE 3 Potential structures contributing to the radiation target size

Case Volume Mass
1 Volume occupied by the polypeptide chain excluding waters of hydration Molecular mass
2 Volume occupied by the polypeptide chain and waters of hydration Hydrated mass
3 Volume occupied by three-dimensional shape of polypeptide Solution mass including “bulk” solvent within the 3-D envelope

acid pH. The quantitative change in sedimentation constant®adbury, 1., and V. A. Zammit. 1990. An improved method for the
between neutral and acid pH of bovine serum albumin analysis of data from radiation-inactivation studiésal. Biochem.

. 186:251-256.
(Charlwood and Ens, 1957) and G3PDH (Shibata and Kro- S _
nman, 1967) were reproduced in the present frozen an(ahampagne, M. 1957. The Structure of Serum Albumin in Dilute Solution.

. o ; Il. Effect of Variation of pH and lonic Strengthl. Chim. Phys54:
thawed samples. It is specifically assumed that during and 3g93_41¢. P g Y

after freezmg there was no change _In the hydmdynaml%harlwood, P. A., and A. Ens. 1957. Effect of pH on the sedimentation of
volume, which was then reversed during thawing. serum albumin and ovalbumigan. J. Chem35:99-101.

Table 3 (_jescrlbgs '.[he expe_c_ted target size for each _Of th€owther, J. A. 1924. Some considerations relative to the action of x-rays
three possible radiation-sensitive structures. Results in the on tissue cellsProc. R. Soc. Lond. (Biol.p6:207-211.
literature (Charlwood and Ens, 1957; Champagne, 1957iarmon, J. T., T. B. Nielsen, and E. S. Kempner. 1985. Molecular weight
Sogami and Foster, 1968; Tanford et al., 1955; Luzzatti et determinations from radiation inactivatidMlethods Enzymoll17:65-91.
al., 1961; Raj and Flygare, 1974) indicate changes in botkdung, CI \é 1984. Néqlechular_ Weightddaerrr]nigaltion b\); rfﬂagorynsctiva-

. tion. In eceptor 10C emlstry an etho ology, Vol. o. J. C. enter
E)hel hydratlzr;aﬂd ﬁhap(ej_of_BSA (Cases 2.and 3 of -I;Ia%le 3) and L. C. Harrison, editors. Alan R. Liss, New York. 193-208.
elow p 5. It the ra Iatlor_] SenSItIYIW corresponde tC'Kempner, E. S. 1988. Molecular size determination of enzymes by radia-
cases 2 or 3 (Table 3), then inactivation of BSA would b_e tion inactivation.Adv. Enzymol61:107—147.
fjependent on pH. AS_thIS was n_Ot observed, our Stl"d'e§empner, E. S., and H. T. Haigler. 1985. Target analysis of growth factor
indicate that the radiation target size corresponds to case lreceptorsin Growth and Maturation Factors, Vol. 3. G. Guroff, editor.
in Table 3. As already noted, volume and mass in case 1 John Wiley and Sons, New York. 149-173.
(Table 3) are interconvertible. These results show that “tarKemcli’_nsf' Et an? J. 'V“”GVI- 12§§-|Eg90th0f e;\lfgg{gn;ezgas' conditions on
get size” for BSA does not depend on degree of hydration or radiation argeds'ze an:lys | hal. Bloc emd B . )
; ; Kempner, E., and W. Schlegel. 1979. Size determination of enzymes by
shape of the p(_)lypept!de chain. . L radiation inactivationAnal. Biochem92:2-10.

The enzymatic activity of G3PDH at pH 7.4 is maintained Kepner. G. R.. and R. . Macey. 1968, Membrane enzyme systems
FhrOUgh_ freezing and thawmg, bUF _aC|d|f|Cat|On to pH 2_-4 Molecular size determinations by radiation inactivati@iochim. Bio-
irreversibly destroys enzymatic activity. However, the radia- phys. Acta163:188-203.
tion sensitivity of the monomers could be followed. As with Lea, D. E. 1955. Actions of Radiations on Living Cells, 2nd Ed. Cambridge
the monomeric BSA, G3PDH (a tetramer) showed no change University Press, New York.
in radiation sensitivity of the monomers, even though thé—iogzeg, 53. ii N. Beéolll/iC’SRlsS.kChittocié—gSDABe'?'yOIn’ C.IW-_ Wf;f;lrr]ton,

. . . f . b. Jackson, an . O. Parkinson. . critical analysis O e use
sedimentation properties of F’Oth proteins hgd been altereq. of radiation inactivation to measure the mass of prot&adiat. Res.

These results show that, in agreement with the theoretical 143:181-186.
argument, the radiation sensitivity of frozen proteins iS|yzzatti, v., J. Witz, and A. Nicolaieff. 1961. La structure de la serum
directly dependent on their mass and is independent of their albumine de boeuf en solution a pH 5.3 et 3lfude par diffusion
hydrodynamic volume or shape. centrale absolue des rayons X.Mol. Biol. 3:379-392.

The radiation target sizes of a large number of proteind/iller. J. H., D. A. Fedoronko, B. D. Hass, M. Myint, and E. S. Kempner.
. . 1998. Radiation effects on the native structure of proteins. Fragmenta-
have been shown to agree well with the mass determined tjon without dissociationArch. Biochem. Biophy®52:281—-287.
from the known structure (Kempner and Schlegel, 1979541, E. c., W. R. Guild, F. Hutchinson, and R. B. Setiow. 1955. The
Kempner, 1988). The present experiments indicate that the direct actions of ionizing radiation on enzymes and antigétsg.
same measurements would be obtained even in samples inBiophys.5:72-108.

which these proteins were denatured. Raj, T., and W. H. Flygare. 1974. Diffusion studies of bovine serum
albumin by quasielastic light scatterinBiochemistry.13:3336—-3340.
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