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Abstract — Résumé -— ApnoTaunsi — Resumen

EFFICIENCY OF RADICAL PRODUCTION BY X -RAYS IN SUBSTANCES OF BIOLOGICAL IMPORTANCE,
Radical concentrations per unit energy of absorbed ionizing radiation in dry amino acids, proteins, and nucleic
acids determined in several laboratories are compared and discussed, Measurements in our laboratory were
performed using a newly-developed method incorporating a double -sample cavity and a momentum balance,
The measured radical yields agree satisfactorily with several other determinations but are at variance with
some earlier measurements. Possible explanations are given for these divergencies. An interesting result of our
measurements is the small spread and low absolute value of the radical yields, with the exception of amino
acids containing aromatic rings. Approximately one radical is produced per 100 eV of absorbed energy (or
roughly one radical per primary ionization),

Radical yields in gelatine were measured at various temperatuses following irradiation in vacuo at 77°K
and 300" K. After warming a sample to 300°K within a few minutes following irradiation in vacuo at 77°K
the radical yield found was three times lower than the radical yield observed after wurradiating at room temper-
ature. The enhanced yield is not only quenched at low temperature irradiation in vacuo but also at high
temperature irradiation in the presence of air, The admission of oxygen or lowering the temperature after
irradiation does not diminish the radical yield, The reaction leading to the high yield is much faster than
other radical reactions reported previously,

EFFICACITE DE LA PRODUCTION DE RADICAUX PAR LES RAYONS X DANS QUELQUES SUBSTANCES
BIOLOGIQUES IMPORTANTES. L'auteur compare et €tudie le degré de concentration des radicaux produits
par unité d'énergie des rayonnements jonisants absorbes dans des acides amines, des proteines et des acides
nucléiques, d'aprés les données obtenues dans plusieurs laboratoires. Dans son laboratoire, il a utilisé une
nouvelle méthode combinant 1'usage d'une cavité i échantillon double et d*une balance i impulston; les
concentrations mesurées sont trés voisines des mesures faites au moyen de plusieurs autres méthodes, mais
ne concordent pas avec certains résultats obtenus antérieurement; 1'auteur analyse les causes possibles des
divergences. Comme caractéristique intéressante ressortant de ses mesures, il signale la dispersion réduite
ainsi que la faible valeur absolue des concentrations de radicaux, sauf pour les acides aminés contenant des
cycles aromatiques. Il est produit environ un radical par 100 eV d'énergie absorbée (soit approximativement
un radical par ionisation primaire).

L'auteur a mesuré€ la concentration des radicaux produits dans la gélatine i diverses températuzes, aprés
irradiation in vacuoi 77 et 300°K. Aprés avoir porté un échantillon i la température de 300°K, dans les quelques
minutes sutvant 'irradiation in vacuo 3 77°K, il a observé que la concentration de radicaux était trois fois moins
élevée qu'apres I'imadiation effectuée 2 la température ambiante, L' augmentation de la concentration s*arréte non
seulement en cas d'irradiation effectuée in vacuod basse température, mais aussi en cas d'irradiation eftectuée
4 haute température en présence de 1'air. L'admission d'oxygéne ou 1'abaissement de la température aprés
I'frradiation ne diminue pas la concentration de radicaux. La réaction qui entraine une concentration élevée
est beaucoup plus rapide que d'autres réactions concernant les radicaux et signalées antérieurement,

MTPOLYKTVBHOCTE OBPA30BAHUA PAIVKAJOB INPY PEHTTI'EHOBCKOM OB-
JIYYEHUM B BUOJIOTUYECKW BAXHBIX CYBCTAHUMAX. CpasHusawTca U 00—
CyXIalTcsd NOJNYYEHHBIE B HECKOJbLKUX JNa00paTopusx Pel3yJIbTaTH MO
KOHUEHTpauUnu paiuMKalos, o0pas3ybmmuxcA Ha eIAMHUUY OSHEepruu norjo-—
meHHOR WoHu3upybmeil painaumum B CYXUX aMUHOKUCIOTaxX, OeJKax u
HYKJEUHOBLX KUCIOTaX,., l3MepeHus OPOU3BOIMIMUCH C NOMOWbBK HOBOLO
MeTOzZa, NpelycMaTpUBawuero npuMeHeHUe IBORHOTO pel3oHaToDpa LIA
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o6pasluoB U UMIYJILCHOIO PaABHOBECUA. BBXOIb DAIMKAJJOB YIOBIETBO-
PUTEALHO COrJacyoTcs ¢ HECKOJNbLKMMU INPYTHUMM OIpeleJeHUAMU, HO
oTANUAlTCA OT pPea3yNbTATOB 6oJee DaHHUX K3MepeHui., PaccMmaTpuBapT-
CH BO3MOXHbe OOBACHEHMA 3TUX pacXoxleHui. WHTEpeCHBIM pe3yinpTa-
TOM HalMX U3MepeHUuid ABJAAeTCA MajJoe pacHpocTpaHeHue ¥ Hu3Kasg alb—
CONWTHAA BeIMYKXHA BHIXONOB pPalMKaJOB, 3a UCKIWYEHNEM BLHIXOJNOB aMu-
HOKUCJOT, COIepXaulux apoMaTudyecKyue Koiabua. [IpuOAUIUTENLHO OLUH
panukaa ob6pasyerca Ha kaxisle 100 9B nornomeHHol OoHeprum (uay
rpy6o — oIMH paiMKaJ IpM KaxJoll nepeuuyHOi nonuaaumng

BLIXOZB PAXUKAJNOB B XeJlaTuHe M3MepPAJUCh IPU DPAINUYHBIX TEeM-—
nmeparypax nocie oOaydyeHuWA B BaKyyme npm 77 ¥ 300°K. locne mo-
jgorpemsa o6pas3ua 1o 300°K B TeyeHUe HECKONBKUX MUHYT Cpas3y nocae
o6lIyuyeHMA B BaKyyMe BHXOJL DaiMKaloB npu 77°K Own B Tpu pasa
MeéHbWle, ueM BBIXONL palnMKaioB, HabnwiasBunuitcAa nocjie oOJYyYEHUS IDU
KOMHATHO! TeMmImeparType. lloBbmIeHHBI! BHIXOX PalUKaJOB HE YMEHbWAlCH
He TOJKO UpPM OOJYyYEHUU B BaKyyMe IIpM HU3KON TeMIepaType, HO U
Ipr oOJNYyUYEeHMM INIPM BBICOKOR TeMnepaTrType B NPUCYTCTBUN BO3ILyXa.
Jonyck kuMcnopola MJM IOHMXEHUE TEeMIepaTyps NocJe OoOGayuyeHus He
yMeHbIiAeT BLIXOJLA palWKaloB. Feakuud, Benymas K BHCOKOMY BBIXOLY,
3HAYUTeJbHO ObICTpEEe, YeM ILIpyrue peakuuu C painkajlamMu, ONUCAHHbIE
paHee.

FORMACIGON DE RADICALES EN SUSTANCIAS DE IMPORTANCIA BIOLOGICA POR EXPOSICION A LOS
RAYOS X. El autor compara y discute los valores de las concentraciones de radicales producidos por unidad
de energia de radiacién ionizante absorbida en aminodcidos secos, en protefnas y en dcidos nucleicos, obtenidos
en varios laboratorfos. Para sus propias mediciones el autor recurrié a un nuevo método basado en el empleo
de una balanza balistica y de una cavidad doble para las muestras. Les rendimientos en radicales medidos
concuerdan satisfactoriamente con vanas owras determinaciones, pero discrepan con algunas mediciones antero~
res. La memoria da posibles explicaciones de estas discrepancias. Un resultado interesante es la dispersién
relativamente pequena de los valores determinados por el autor, y el reducido valor absoluto de los rendi-
mientos, con excepcion de los obtenidos con aminodcidos que contlenen anillos aromaticos. Por cada 100 eV
de energia absorbida, se produce aproximadamente un radical (es dectr, alrededor de un radical por lonizacién
primaria) .

El autor midié el rendimiento de radicales en gelatina a diversas temperatures tras irradiacién en el
vacfo a 77°K y 300°K. Calentando en pocos minutos hasta 300°K la sustancia irradiada en el vacfo a 77K,
obtuvo un rendimiento unas tres veces inferior al observado al irradiar a 1a temperatura ambiente. El aumento
del rendimiento se atenia no s6lo al irradiar a baja temperatura en el vacio, sino también cuando la operactén
se realiza a temperatura elevada en presencia de aire. La admisién de oxigeno o la reduccion de la temperatura
deseués de la irradiacidn no se traduce en una disminucién del rendimiento de radicales. La reaccidn que da
lugar a rendimientos elevados es mucho mds ripida que otras reacciones de radicales descritas en la literatura.

INTRODUCTION

Observation of radiation-produced radicals by electron spin resonance
(ESR) spectrography in biologically important compounds, such as proteins,
nucleic acids, and their constituents was first reported several years ago
[1 - 3]. Later, with the same method, radicals were shown to be produced
also by irradiating living material [4]. This observation lent strong support
to the hypothesis that radical intermediates form important primary steps
in radiation damage.

At first only qualitative features of the radical spectra were studied.
However, it was soon realized that the radicals observed can be regarded
as intermediates in the produ. *ion of radiation damage only if they are pro-
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duced in sufficient numbers, This condition can be tested by measuring the
concentration of radicals and the dose of radiation producing them [5]. From
these quantities an energy expenditure per radical is derived. This value may
be compared to the energy required per biological (or other) event,

For the dosimetry of radiation a variety of standard procedures is
known. However, for the measurement of radical concentrations reliable
methods had to be developed. Using such methods some values of energy
expenditures for radical production in dry amino acids [5 - 12], as well as
dry proteins and nucleic acids [6, 13 - 18] have been published in recent
years. The earlier results, however, scattered widely. Consequently the
authors developed another method for measuring radical yields {12, 17},
and using this method we carried out determinations of energy expenditures
per radical in a variety of materials.

In the course of our work on different proteins some experiments were
performed at liquid nitrogen temperatures. Unexpected results were found
with gelatine, leading to the study of this compound in greater detail than
others.

MATERIALS AND METHODS

Amino acids, proteins and nucleic acids were obtained commercially*
and used without further processing. The amino acids (including glycine)
were irradiated and measured in air. The proteins and nucleic acids (and
also glycine) were irradiated and measured in vacuo. For this purpose
samples of the material under investigation were placed in quartz tubes as
used for ESR measurements. These tubes were evacuated on a high vacuum
line, in series with a liquid nitrogen trap, and subsequently sealed. Only
that region of each tube containing the samples of, generally, 50 - 100 mg
was irradiated. The unirradiated part of the tube was used for ESR measure-
ments after shaking the specimen to the other end. Dose-effect curves were
usually obtained by using soft X-rays (100 kV, 25 mA, filtered by 0.6 mm
of quartz) at a dose-rate of 20 000 r/min. For quantitative determinations
of yields ( for which absolute values of dose had to be known) irradiations
were performed with hard X-rays (150 kV, 20 mA, filtered by 4 mm of
borosilicate glass) at 1000 r/min. For irradiations at low temperatures
(approximately 77°K) the sealed quartz tubes were flushed by a stream of
cooled nitrogen gas. A commercial ESR spectrometer (Varian) was used in
conjunction with equipment for temperature control between 77°K and 600°K
and a double-sample cavity previously described {18]. Evaluations of the
first derivatives of absorption spectra were performed with a momentum
balance[12]. Saturation of microwave power was avoided by measuring at
various power levels. Dose-effect curves were plotted of all compounds.
For yield measurements, doses from the linear part of the dose-effect
curves only were delivered,

* Merck, California Foundation,
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RESULTS AND DISCUSSION

In Table I are listed results for amino acids and in Table II those for
proteins and nucleic acids. A conspicuous trend in the direction of lower
values has been noticeable in recent years. This tendency may well be due
to the presence of moisture in the samples, or to the underestimation of
saturation effects in earlier work. An example in which both microwave
power saturation and dose saturation occur is given in Fig. 1. In Table I the

B 1a7sp|nslg

o DNA at iImW power-in;

® DNA 75 - »
4 RNA at 1mW power-input
14 A RNA=T75 B "
——=Mrad
T T T T - T T T T T
1 2 3 4 5 6 7 8 9 10

Fig.1

Radical concentrations in dry DNA and RNA as a function of X -ray dose.

last column lists results from measurements made in air, whereas the
values of the two preceding columns were obtained from experiments in
vacuo. For any one substance the values of the last three columns vary at
most by a factor of three. These differences may be explained partially by
the different experimental conditions, though a factor of two contained in
these variations may still be due to divergencies in the absolute calibration
of the ESR spectrometer. In the first column of Table II figures marked (n)
or (d) are inserted. These have been obtained with native (n) or heat de-
natured {d) preparations. As will be noted, the difference between these
values is in contradiction to later measurements, which were performed
with native material. A possible explanation of this discrepancy would be a
change of power saturation characteristics on denaturation. This effect could
cause an apparent difference of the radical concentrations if it is not taken
into account, However, variations of moisture content or dose-rate effects
[19] may also be responsible.

A general feature of both Tables is the low value of energy expenditures
observed in our own experiments. With few exceptions (for substances con-
taining aromatic rings) our values lie below 100 eV for amino acids and
below 200 eV for proteins and nucleic acids. The importance of this result
is more apparent if we express it in terms of the G value (i.e. the number
of radicals per 100 eV of absorbed energy of ionizing radijation); 100 eV is
roughly the mean energy transferred to irradiated matter per primary ion-
ization. Hence, the G value indicates directly the number of radicals per
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primary ionization. The G values for radical production range from 0.5 to
20. This is of the same order as G values for biological or biochemical
reactions produced by ionizing radiation in dry material [20). In other words,
the number of radicals produced in dry matter is generally comparable to
the number of damaging events. This conclusion is also valid for nucleic
acids. As localized energy deposition in these compounds is generally con-
sidered to be the initial event leading to biological radiation damage [21],
the participation of radicals in this chain of reaction is further supported.

It has been known for some time that the radical predominantly produced
in gelatine by ionizing radiation is typical of a polyglycine radical resembling
a doublet [22]}. This has been described as being R, -NH-C 'H-CO-R, called
the glycine-type radical [23]. As is seen from Table II, the efficiency for

the production of this radical is unusually high. The same spectrum and
the same high yield were observed for irradiated thiogel, which has the
same composition as gelatine, but contains 12 SH-groups per molecule of
weight 100 000, This is even more striking when the glycine content of gela-
tine (which is roughly one third) is taken into account. A series of irradi-
ations and measurements were performed at liquid nitrogen temperature in
order to determine whether the same radicals observed at room temperature
are also found at low temperatures. From Fig. 2 it may be seen that the
gelatine spectrum changes qualitatively as the temperature is raised from
77°K (temperature of irradiation) to about 300° K. The transition from the
low temperature spectrum to the one observed at room temperature does
not occur until the temperature reaches nearly room temperature. The
kinetics of this transition have not been studied yet. On lowering the temper-
ature again to 77° K the glycine-type spectrum does not revert to the origi-
nal one. For other proteins a similar behaviour was found [15, 24].

A comparison of radical yields reveals another interesting feature. The
concentration of radicals does not change appreciably going through the
aforementioned temperature cycle. In low temperature irradiations the ener-

779K 293K
In

245°K 293°%K
_4//\’ e

\/_/— v
50Gauss 50Gauss

Fig. 2

First derivative of absorption spectrum of dry gelatine at different temperatures following wrradiation at 77°K.
The temperature was continuously increased from 77" K to 300°K, reversed to 77°K, and retumned to 300" K.
The arrow indicates a G value of 2 0036,
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gy expended per radical is about 50 eV. If, however, the gelatine is irradi-
ated at room temperature, and in vacuo, 17 eV only are needed for the pro-
duction of one gelatineradical. These figures have been confirmed in

measurements on pairs of samples treated identically except that one was
irradiated at 77°K and the other at 300°K, The low temperature sample was
allowed to warm up immediately after irradiation but still gave a low yield.
The same low yield was observed for samples irradiated at room tempera-
ture in air, In Fig. 3 radical concentrations and first derivative amplitude of

relative units

300°K
A r'y

o ||,

[<]

—h

0 100 200 300 400 1220

Fig. 3

Decay of radical concentrations and amplitudes of first derivatives of absorption spectra of dry gelatine with
time, Concentration (4 ) and Amplitude (A ) following irradiation at 300°K; concentration { @), amplitude
(0) following 1rradiation at 77°K.

absorption for two identical gelatine samples (irradiated at different temper-
atures and both measured at room temperature) are plotted in arbitrary
units against time after irradiation. Both spectra show a glycine-type doub-
let. The spectrum observed immediately following room temperature ir-
radiation is somewhat broader than the spectrum of the other sample, as is
evident from the ratios of amplitude/radical concentration. This effect is
not due to the higher concentration of the sample displaying the broader

spectrum, as the same ratio has been observed at different radical con-
centrations. The amplitude and concentration of the sample irradiated at
300°K decrease in a similar relation with time, which is not the case for
the sample irradiated at 77°K. Here, the concentration remains practically
constant. The amplitude at first increases slightly, and later diminishes
below its initial value.

Tentatively, we conclude from our observations on irradiated gelatine
that the same reaction leading to the high radical concentration in the sample
irradiated at room temperature is quenched by low temperature and/or
oxygen. This conclusion is supported by the finding that, after a sample had
been irradiated in vacuo at room temperature, admission of air does not
reduce the radical concentration. An upper limit of several minutes for the
time constant of the reaction leading to a yield of 1 radical/17 eV is deduced
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from the fact that the radical concentration is not enhanced by warming-up
the sample immediately after irradiation at low temperature. The speed of
this process is at least two orders of magnitude higher than that of the slow
reactions observed in other irradiated compounds [25, 26]. An equally slow
process in gelatine is the one found by the authors following irradiation at
77°K. Here, one kind of gelatine radical is transformed into another, the
total concentration remaining constant, The fraction reacting appears to be
small, except if one assumes that both types of radicals display very simi-
lar spectra. The spectrum of the end-product is that of a glycine-type radi-
cal. Because of the relative slowness, these latter processes appear to be
of a chemical nature. The occurrence of the rapid process, however, may
lead to further elucidation of two observations in other fields: first, it may
constitute a manifestation of an energy transfer mechanism. Such mecha-
nisms have been extensively studied in gelatine, especially by measurement
of its conductivity [27]. Second, the similarity of the ratio of three, in gela-~
tine irradiated at high and low temperatures, found for radical concen-

trations, to the ratio observed in experiments on the radiosensitivity of

proteins at the same two temperatures, is very suggestive. The difference
in radiation damage observed after irradiation of dry proteins at 77° K and
300° K [28] may be due to the different radical concentrations as observed
in our experiment. This is supported by a similar observation on bovine-
serum albumin [15].

CONCLUSIONS

1. Radical yields in irradiated dry amino acids, proteins, and nucleic
acids are of an equal order of magnitude.

2. In all amino acids, proteins and nucleic acids investigated (except
amino acids containing aromatic rings) approximately one radical is pro-
duced per 100 eV of absorbed energy (or roughly one radical per primary
ionization).

3. In gelatine irradiated in vacuo at 300°K the yield of the glycine-type
radical is three times higher than when irradiated in vacuo at 77°K and
measured at 300° K a few minutes later.

4, The enhanced yield found after irradiation at 300°K 1s not only
quenched upon irradiating at 77°K in vacuo but also upon irradiating at
300° K in the presence of air.

5. The radical yield is not appreciably decreased by lowering the
temperature or admitting oxygen a few minutes after irradiation.
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DISCUSSION

J. LAZURKIN: Did you measure the gas~pressure in your sealed tubes
after irradiation?

A, MULLER: No.

J, LAZURKIN: Perhaps the deterioration of the vacuum through gas
produced from the irradiated samples could result in measured values of G
Iower than the true values.

A. MULLER: I do not think so. The dose-effect curve is linear at low
doses, so I do not think that oxygen has an effect in the region from which
we computed G values.

J. LAZURKIN: What was the yield at room temperature?

A, MULLER: 7 eV,

J. LAZURKIN: That is very interesting. My paper gives a value of 50
for triglycylglycine,

A. MULLER: Your value of 50 for triglycylglycine is quite compatible
with our value of 7 for gelatine, if the glycine content of gelatine, roughly
one third, is taken into account.

J. DUCHESNE: I would like to ask Dr. Miiller whether, in the case of
DNA’s e has found changes in line width on going from low to high doses.

A. MULLER: The commercial samples of nucleic acids with which the
yields reported were obtained displayed only singlet lines after irradiation,
and these were not found to change. With purified samples of bacteriophage
DNA we found absorption and pronounced hyperfine structure. The radical
concentration in these samples deviated from the initial linearity at 30 000
rad, but we observed only a small change of the hyperfine structure on the
application of higher doses. The general appearance of the absorption was
that of a triplet with 40 Gauss separation of the outer peaks of the first de-
rivative curves and about 8 Gauss central-line width.
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¥, HUTCHINSON: Have you any evidence that small quantities of im-
purities in your preparations cause changes in the number of spin centres
formed? I ask this question particularly in the light of the results given in
Dr. Lazurkin's paper and the suggestion that low concentrations of existing
radicals can apparently reduce the level of measured spin centres by a
process which may involve energy transfer,

A, MULLER: The effect of impurities on radiation-produced radical:
concentration was tested with glycine, Polycrystalline samples of this sub-
stance containing various amounts of impurities all yielded the same radical
concentration, We also recently compared results from different laboratories
on a number of amino acids of different origin, but no differences which could
be attributed to impurities were found. However, it may be different for
macromolecules, which we have not tested in this respect.
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Recently, a reliable and simple method for the measurement of radical con-
centrations has been described, and yields in several dry amino acids were given
(Kohnlein and Miiller 1962). In addition yields in a number of dried proteins
and nucleic acids have now been measured. The figures reported below should
be regarded as preliminary; nevertheless, they demonstrate, along with the data

ion amino acids published previously, the storage of a substantial part of X-ray
Jenergy in the form of radicals. This again emphasizes the importance ascribed
to free radicals in primary steps of radiation damage (cf. Zimmer 1961). Gelatine,
pepsin, ovalbumin, yeast ribonucleic acid (RNA) and calf-thymus desoxyribo-
nucleic acid (DNA) were obtained from Merck, Darmstadt; Thiogel B was
supplied by Schwartz Biochemicals and used without further processing. The
human serum-albumin and haemoglobin were a gift of Dr. Braams, Utrecht.

The samples, in powder form, were evacuated on a high vacuum line
(10->mm Hg) for at least 15 hours and sealed off prior to irradiation. These
and the dosimetry were executed as reported previously (Kohnlein and Miiller
1962). For recording of paramagnetic absorption, the samples were transferred
to an unirradiated end of the tubular container. Before spectrographic
recordings were taken (appr. 10~-30 min after irradiation), radical concentrations
had in all cases reached a stable level, changing significantly only after several
hours. From the radical concentrations measured and the doses applied, the
yields as the number of radicals per 100 ev of absorbed energy (i.e. G-values) were
computed. Results are given in the table. They are strongly affected by the

Gelatine 6
Thiogel 7
Pepsin 3
Human serum-albumin 1-5
Haemoglobin 0-7
RNS 0-9
DNS 06

G-values for radical production in several proteins and nucleic acids.
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moisture content of the sample, as has been previously observed (Boag and
Miiller 1959). Yields are also found to decrease with increasing doses and
microwave energy (figure). Consequently we based the results given in the
table on measurements done with radiation doses below 0-5 Mrad and input of
microwave power to the cavity of 1 mw only. Earlier findings of very low yields
(Blumenfeld and Kalmanson 1958, Kirby-Smith 1961) for proteins and nucleic
acids may possibly have been caused by neglect of the two saturation effects
mentioned, whereas observation of a high yield after efficient drying of nucleic
acid was reported previously (Boag and Miiller 1959) and recently confirmed
(Alexander, Lett and Ormerod 1961).
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Radical concentrations in dry DNA and RNA after different doses of x-rays.

Summing up, it may be concluded: 1. Yields in proteins and nucleic acids
are of the same order as those in amino acids and not several orders of magnitude
lower. 2. The absolute value of yields in biologically-important compounds is
big enough to justify continued efforts to elucidate the part played by radicals in
primary mechanisms of radiation damage.

REFERENCES

ALEXANDER, P., LETT, J. T., and OrRMEROD, M. G., 1961, Biochim. biophys. acta, 51, 207.

BLumenrELD, L. A., and KaLmanson, A. E., 1958, Biofizika, 3, 87.

Boag, J. W., and MULLER, A., 1959, Nature, Lond., 183, 831.

KirBy-SMmitH, T., 1961, Nuclear Science Series, Rep. No. 31, Ed. R. A. Deering, p. 27.

KOnNLEIN, W., and MULLER, A., 1962, Phys. Med. Biol., 6, 599.

ZivMer, K. G., 1961, Studies on Quantitative Radiobiology (Edinburgh and London:
Oliver & Boyd).



