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and extracted with ether (3x 100 ml). The
combined ether extracts were washed with
saturated sodium chloride solution, dried over
sodium sulphate and the solvent evaporated
under reduced pressure. The yield was 8.2 g
of & brown liquid, which was purified by chro-
matography on neutral alumina (aluminium
oxide Woelm activity grade I 80 g, 1.6 cm
diam.). The ester was eluted with ether. The
eluent was evaporated in vacuo to give 7.5 g
of a slightly brown liquid. Distillation under
reduced pressure afforded 6.8 g of the desired
ester in 82 9, purity. (GLC: 15 9%, Carbowax
1500 on Celite 545 60— 100 mesh). B.p. 71—
73°/11 mm, The ester was used in the sub-
sequent step without further purification.

trans-3-Methyl-2-hexenoic acid. 1.60 g of the
impure ester was dissolved in a mixture of
20 ml 1 M sulphuric acid and 25 ml of acetic
acid and heated to reflux for 5 h. The solvent
was evaporated in vacuo to approx. 5 ml, made
alkaline with 2 M sodium hydroxide and
extracted with ether (2 x 20 ml). The aqueous
layer was acidified with 2 M hydrochloric acid
and extracted with ether (3x 50 ml). The
combined ether extracts were washed with
saturated sodium chloride solution, dried over
sodium sulphate and the solvent evaporated
in vacuo affording 0.67 g of the acid which
crystallized on cooling. Recrystallization from
ethanol-water gave 0.35 g of the desired acid
as white crystals. M.p. 37— 38°. The purity
was judged to be better than 99 % by GLC,
(10 9% diethylene glycol adipate and 2 %
phosphoric acid 85 %, on acid-washed Chromo-
sorb W 60— 80 mesh). (Found: C 66.05; H 9.41;
O 24.62. Cale. for C,H,,0,: C 65.60; H 9.44;
0 24.96.)
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Influence of Hydrophobic Inter-
actions and Hydration on the
Radiosensitivity of a Protein
CARL-GUSTAF ROSEN

Radiobiology Division, Department of
Biochemistry, University of Stockholm,
Sweden

The radiosensitivities of organisms as well
as of some macromolecules in vitro have
been shown to be strongly influenced by
the amount of hydration water present.'™®
Generally, such systems are less sensitive
in a moderately hydrated than in a desic-
cated form. The mechanism for this protec-
tion has been a matter of speculation only.

Another class of compounds, which bhas
been discussed in connection with the
radiosensitivities of biological macromole-
cules, are those which have low-lying elec-
tronic excited states. It has been suggested
that such groups if present within or in the
vicinity of a macromolecule might protect
this by acting as ‘sinks’ for excitation
energy.*”® Such protection has been
demonstrated with proteins exposed to
ultraviolet light.1%

In this work, the influence of hydration
water and other adsorbed compounds on
the radiosensitivity of bovine serum
albumin has been studied in order to throw
some light on these problems. Radiation
injury has been assayed as the loss of
solubility.

Materials and methods. Bovine serum
albumin (BSA) was a crystalline preparation
from Armour and Co. Results obtained with
this material as such or after dissolution in
distilled water and lyophilization did not
deviate appreciably. DNS-BSA, the conjugate
with 1-dimethylaminonaphthalene-5-sulfonate,
was prepared as described in an earlier
paper.!? It had a molar ratio dye/protein of
2.7—3.0. The solid form was obtained by
lyophilization.

BSA has five strong binding sites for 1-
anilino-8-naphthalenesulfonate (ANS). Solid
ANS-BSA was obtained by lyophilization of
a concentrated solution in distilled water of
the components in this molar ratio. BSA with

* Present address: Alfa-Laval, Research &
Development Group Staff, Postfack, S-147 00
Tumba, Sweden.
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a 10:1 excess of caprylic acid was prepared in
a similar way.

100 mg samples of the protein or protein
conjugate were incubated for three days over
various solutions to obtain specihed water
contents1? and then irradiated in controlled
atmospheres in a %°Co-source. After irradia-
tion the samples were all exposed to the same
atmosphere in one closed vessel for about 24 h.
They were then dissolved in 2 ml 0.1 M neutral
phosphate buffer. The insoluble residues were
separated from the solutions by centrifugation
at about 10 000 g. The residues were repeatedly
washed with distilled water and recentrifuged.
The remaining pellets were taken to dryness
at 105°C overnight in the previously weighed
centrifuge tubes, and the dry weights deter-
mined from the differences in weights.

The yield of insoluble residue in irradiated
BSA is dependent on, e.g., pH and ionic
strength of the solvent.!* The standardized
conditions selected for this study, however,
yield reproducible results and seem to generate
optimal information.

Results and discussion. Fig. 1 shows the
extents of insolubility produced at various
water contents at three different dose
levels. The experiments were confined to
doses which yield relatively low degrees of
insolubilization because the accuracy of
the assay decreases drastically at higher
doses, probably due to the occlusion of
soluble protein by the precipitates. If

Insoluble residue (%)

N
1
]
5r !
4
3+
2 -
I"\?—”M’/"

10 20
Water content (%)

Fig. 1. Production of insoluble residue in BSA

irradiated at various water contents. [ ], 5

Mrads; A, 10 Mrads; V, 15 Mrads. Insoluble

residues of the corresponding uunirradiated

samples (0.1 %) have been subtracted from
the presented values.
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plotted versus dose in & log/log diagram,
the values corresponding to each water
content form practically straight lines,
and from such diagrams (not reproduced
here), the doses corresponding to various
degrees of insolubilization are obtained
by interpolation. The doses corresponding
to 1 and 2 9% insolubilization are plotted
in Fig. 2. It is seen that the water content

Mrads

1 1
10 20
Water content (%)

Fig. 2. Doses required to produce insolubiliza-
tion. Squares signify insolubilization of 1 9,
and circles of 2 9 of the material. Open
circles are for BSA and closed for DNS-BSA.

influences the radiosensitivity expressed
in this way by as much as a factor of 2.5.
Experiments with DNS-BSA showed that
the conjugation with DNS results in
a reduction of the sensitivity at low water
content (Fig. 2). The differences in sensi-
tivities at higher water contents seen in the
graph are probably not significant.

SA was also irradiated with one molec-
ular species similar to DNS and one which
also binds relatively strongly to the protein,
but which lacks the aromatic character
and the spectral properties of the dyes.
Samples of BSA, DNS-BSA, ANS-BSA,
and caprylate-BSA were dried to a water
content of 2 9; and then irradiated with
doses large enough to cause appreciable
insolubilization. The results are sum-
marized in Table 1.

The data obtained in this investigation
show that in the order of 5—10 hits are
required to produce an insoluble molecule.
This is in agreement with the results ob-
tained by Alexander and Hamilton.!?
The water content dependence found here
deviates from that found in an experiment
reported by Alexander and Hamilton,

20
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Table 1. Radiation-induced insoluble residue

from BSA conjugates with 2 9, hydration

water expressed in percent of the correspond-
ing values for pure BSA.

Conjugate 10 Mrads | 15 Mrads
DNS-BSA 15 37
ANS-BSA 28 -
Caprylate-BSA 24 42

but since their experiment was run in
nitrogen, no direct comparison can be
made.

In a separate study '* it was shown that
hydration water influences neither di-
merization of BSA nor structural changes
in this protein produced by the absorption
of radiation energy corresponding to one
or two hits per molecule. It thus seems
that at least in this protein hydration
water influences only gross changes, which
render the protein insoluble. The early
explanation to the protective effect of
hydration water, viz. a strong influence on
the transfer of electronic excitation
energy ®* seems unlikely in view of later
measurements of transfer efficiencies.!?
The most likely explanation is that hydra-
tion water increases the stability of the
protein structure.

The reductions of the radiosensitivity

caused by DNS, ANS, and caprylic acid

were found to be of similar magnitudes
(Table 1). These compounds have in com-
mon the property to interact with hydro-
phobic regions in BSA.**"17 It may thus be
concluded that at least an important part
of the protection is due to hydrophobic
interactions with the protein. Fatty acids
have been shown to protect BSA against
denaturation,®'® and geme has been shown
to stabilize heme proteins.'? The fact that
ANS was not found to stabilize the apo-
enzyme of peroxidase against heat
denaturation !* does not exclude a protec-
tion in the case of BSA. The association
constant — and thus the interaction
energy — is much higher for this protein
than for apoperoxidase.!®*2°

Recent experimental studies of excita-
tion transfer in ANS-protein complexes 20,3
have shown that the transfer of electronic
excitation energy is efficient only in cases
of large spectral overlap. Consequently, it

SHORT COMMUNICATIONS

does not seem likely that groups of this
type would act as a sort of general sink
for excitation energy.

It appears from this study that the
radiosensitivity of a protein may be
reduced by the adsorption of water and
of compounds binding to hydrophobic
regions. The mechanism for the protection
is probably in both cases a stabilization of
the protein structure.
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