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Abstract

» Bacteriophage particles are called active if they are
aapahle of generating a plaque when plated on agar by a
gtandard technique. Exposure of the particles to ultra-
violet radiation of wave length 253.7 mp inactivates them in
thls sense. Followlng adsorption of the insctive particles
to senslitive host bacterla, exposure of the suspenslon to
1ight of the violet and near ultraviolet regilon causes a
fraction of the particles to regain thelr activity, a
phenomenon called photoresctivation.

The kinetics of photoreactivation of bacteriophage T2
have been investigated for the purpose of studying the mech-
anism by which photoreactivation takes place. The presence
of a dark reactlon 1n addition to the light reaction has
been demonstrated. The dark reaction precedes the other and
has the functlion of supplylng the light-absorbing material
which enters into the light reaction. Both the 1light and
the dérk reactlons follow firgt-order kinetiecs.,

The amount of photoreactivation produced by a given
light tfeatment'is determined by the interaction of the
light and dark reactlons. This lnteraction can be described
satlsfactorlly in terms of a simple model for the reaction

mechanism,
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KINETIC STUDIZS ON THE MECHANISM OF PHOTCREACTIVATION
OF BACTERIOPHAGE T2 INACTIVATED BY ULTRAVIOLET LIGHT

I. Introductleon

le Inactivation by ultraviolet radiation.

Given a suspenslon contalning bactericphage particles,
one commonly agsays for the number present by plating &
small volume of a sultable dilution together with a large
number of gensitive host bacteria on nutrient agar. The
presence of each acflve partlcle ls recognized after incu-
bation by the formation of & plaque, or clear area, sur-
rounded by otherwise heavy and confluent bacterial growth,

If the phage particles, suspended 1n g medium trans-
parent to ultraviolet light, are exposed for a short time
to a source of ultraviolet energy and agaln assayed, 1t 1is
found that only a fraction of the initial population re-
mains active, 1.e. able to give rise to plaques. The re-
malnder of the partlcles, now inactlve in thls sense, can
easlly be demonstrated by other procedures to be still
preseﬂt_amdrta retaln various of thelr original propertles,
‘but the distinction between "active' and "inactive!, based
on plaque counts, 1s experimentally clear cut and leads to
no ambiguities. It is thils property of bacterlophage which

concerns us here.
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Cur megsure of activity 1s then the abllity of the
individual phage partlicle to lnvade a hogt bacterium, to
: praduc%»likanﬁﬁg%a of 1tself, and to lyse the host, re-
leasing 1ts offspring; thesge, by repetition of the cycle,
form a plaque. The polint 1is not known at which ultravioled
lrradlation interferes In the chaln of events leading from
parent to progeny. In fact this chaln of events, which one
calls reproduction, 1s 1tself virtually unknown except for
& Tew festures relating mainly\t@ its extreme ends,

Varlous phenomena are known which relate clearly to
the first stages of invasion of the bacterial host by normal
phage particles. Wherever the information 1s avallable,
ultraviolet=lnactivated particles are known to remaln capa-
ble of each of these functlons (except after very prolonged
irradiation). These include adsorption to the host cell (1),
destruction of chromatinic bodles of the host (2), killing
~of the host as a colony former (1), stimulation of the host
to exclusion of related phage ftypes which infect at a later
time (1), lysis from without (3), and lysils inhibition of
cells previously infected with r* types (3).

Follbwing these early steps comes the Y"ecllpse perlod"
of the phage cycle, of which 11ttle is known, and this is
ended in the latter part of the latent perlod by the appear-
ancé Antracellularly of the first mature particles (4).
Desplite thelr apparently normal start, inactive phage par-

ticles never reasch this destination. One 1s led %o believe
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that the ultraviclet action ls assoclated with the most
Intimate and most obscure detalls of reproduction. It is
-for this reason that ultraviolet inactivatlon is a phenom-

enon of surpassing lnterest.

2, lNature of the immediate action of the ultraviolet

redlation.

Knowledge of the immedlate action of the ultraviolet
radlation 1s very limited. For the kllling of Staphylococ-

cus aureus phage (5), of vaccine virus (8), of influenza

virus (7), and of Escherichila coll (7) and other bacteria

the actlon spectrum is known and sseme definitely to impli-
cate nuelelc acld ag the lighi-absorbing substance (for
discussion and additional references, see Glese (8)).

There 1s reason %o belleve Tthat the game substance is re-
sponsible 1n the case of phage T2 lnactivation. Moreover,
the action 1s apparently a direct one on the nucleie acid
1tself, immediately causing some chemical alteration Which
1s the end result of the lrradiation. There 1s no reason
to suppose that the nuclelc acid passes on the absorbed
-energy to ahy other substance of the phage, that it l1s con-
verted into a toxic form which then acts further on another
gsubstance, or invfact'that there are any auxiliary reactions
whatever. The effectiveness of the irradiation is only
slightly affected by temperature (9). No chemical means of

affecting the inactivatlion 1s known. 8o far as is known
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- there 1s reciproclty of light intenslty and exposure time;
thelr product, the ftotal energy, alone determines the effect.
“This information is negative 1n character, however, and the
picture mugt be further filled in by considering what 1e
¥nown of the funetion of nuclelc acld in the phage, and of
the photochemlstry of nueclele acild.

Prhage partleles of type T2 are composed almost entirely
of proteln and desoxyribonucleic ascid (DNA). Taylor found
45% of the dry weight of T2 produced in synthetic medium as
DNA (10). I%te importance in phage reproduction has been
emphasized by recent work of Hershey and Chase with type
T2 (11). They found that shortly after adsorption of an
active particle to the bacterium the DNA 1s injected into
the cell, and the residual proteln "coat® of the phage can
be removed wlthout interfering with phage reproduction. ot
more than 1% of the phage protein which can be identified by
radloactive sulfur labeling remains with the bacterium,
Convergely, phage "ghogts", prepared by subjecting pafticles
to osmotic shock, have lost most, or perhaps all of the%r
DHA and with 1t the ability to reproduce, dbut retain the
abllity tb édsorb to the hogt and to produce various of the
ugsual 1initial dhanges in 1t. These results leave no doubt
of the close assoclation of the DNA with the mogt essential
phaées of reproduction of the phage particles; and 1t 1s
precisely these phases which seem %o be affected 1n the case

of ultraviolet inactlvation.



The essentlal role played by the DNA 1e further at-
tested to by‘the work of Hershey et al. (12) with phage
“particles Incorporating radlcactive phosthorus, which
labels only the nuclelc acld. Working with type T4, which
le very cleosely related to T2, they found that about one
radloactlve disintegration in 11.6 led to inactivation of
a particle, and that the inactlvation proceeded exponentially.
Thls rate could not be accounted for by the beta radlation
produced. The lnactivatlon must therefore have been g di-
rect result o¢f the nuclear reactlon changing phosphorus to
sulfur, or, since all the phosphcorus 1s present in the DNA,
the lnactivatlon must have resulted from the chemical alter-
ation of the DNA. Hershey et al. suggest that the particle
can he thought of as contalnling a "vital structure’ made up
of aboubt 8% of the total DNA, within which a single damage
at any point ls lsthal.

' Knowledge of the photcchemletry of nucleic acid 1s re-
grettably small. it@ absorptlion in the reglon near the wave
length 260 mp 1s responsible for the effect we observe.

This absorptlon 1s due to the purine and pyrimidine residues
1% eomtains.(lﬁ)a Ultravlolet lrradilation of solutlons of
DNA produces ehémgeﬁ in the viscoslty, solubillity, light
absorption, and behavior during dlalysis and electrophoresis.
These changes apparently result from photolysis of inter-
nucleotide links, but the process is poorly understocd.

Errera (14) reports finding a very low quantum yleld (of the



-6

order of 10"8) for this phnotolysis. Errera alse found
photodecompoéition of the pyrimidines during ultraviolet
“irradiation of thé DNA, and thle 1s prcbably the effect of
gwaatest Interest. After lrradlation the DNA was hydrolysed,
the pyrimldines isclated, and thelr amount messured spectro=
photometrically; the actual structural changes involved in
The destruction are not known. Errera states that the
quantum vield 1s about 0.0025.

Zelle {(15) glves the quantum yleld for inactivation of
rhage T2 as 0.00015. However, 1if only the "wvital structure!
found by Hershey et al. 1s of importance, the quantum yileld
for thils structure would be about 12 x 2.00015 = 0.0018,
whlch 1s suggestlvely close fto the value 0.0025 found by
Errera for pyrimidine destruction. This apparent correspond-
ence may be entlrely accidental, dbut 1%t is tempting to con-
Jecture that lnactivation of phage T2 by ultraviolet light
results primarily from the photochemical destruction of

pyrimidines of 1ts DNA.

Jd. Photoreactivation.

Direct.studies of the action of the ultraviolet light
’promiﬂe at beat.to tell us the nature of the immedlate
chemical alteration produced. The mechanism by which this
alteration manifests 1tself as a damage interfering with
normal blologlcal functlons remalns unknown. Hope for

additional understanding, particularly relating to this
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‘ éec@nd agpect of the problem has come with the dlscovery in
the last few years of several reactlivation phenonsnsa, in‘
“which the expregsion of the ultraviolet damage 1s partlally
reversed. Of thege the most striking and most general is
photoreactivation (PhR), the reversal of the ultraviolet
damage by light of longer wave length. It was first de-

scribed by Kelner, who worked with conldila of Streptonvces

grissus (18). &hortly thereafter, Dulbecco dilscovered the
effect in bacterlophage (17), and 1t has since been found in
a wide varliety of organisms (see, for example, 18, 19, 20,
21),

Phgge 1s particularly favorable material for experiments
with PhR, and Dulbecco quickly gave a rather complete account
of ite behavior (22). The majority of the work was done
wlth %type T2. PhR of phage occurs only after adgofptlan o
sensltive host bacterla, but it does become possidle very
‘quiekly thereafter. The pigment responsible for absorbing
thé light energy 1s not known, bdbut the action speetruﬁ is
approximately known and shows a single maximum in the viein-
i1ty of 365 m . PhR can %take place with resting bhacteria in
the absence.of external metabolltes; oxygen 1s not necessary;
cyanlide does ndt'inhibita No chemlcal means of affecting
the reaction is known.

If a suspenslon of phage particles 1s expogsed to ultra-
violet radiationj the fractlon of active partlcles decreases

from 1.0 to a lower value determined by the dose. If,
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foll@wihg adsorption of the particles to bacteria, the sus-
penslon 1is éxposed to reaetivdting light, the active Traction
“increases to a new, much larger value; the fraction always
remalns less than 1.0, however, The transitlion of sach in-
dlvidual Prom insctlve to esctive status is clearly recog-
nlzable: either 1t generates a mbre—or»leas normal plaque,

or 1%t gives none at all.

Dulbecco found that with phage T2 the increase in
plaque count with time, %, of exposure to light 1s closely
described by the function (1 - e~2%), The constant a may
be called the rate of reactivation. Thls rate of reactiva-
tion does not inareaseglinearly with light intensity, dbut
tends to a maximum, or limiting value, and it is strongly
affected by temperature. Neither of these facts would be
true 1f the light reactlon gtep were the only rate-control-
ling factor. Dulbecco was led, therefore, to infer the
existence of a thermochemical, or "dark" reactlon step in
the PhR mechanism, |

In order to demonstrate guch a dark reaction more ex-
plicitly Dulbecco suggested experiments with intermifttent
- light, and ﬁhese were undertaken by the author. The first
experiments ga?e‘the expected results and led into the de-~
~ talled investigations which are to be described. These
‘studies have glven a clear picture of the light and dark
‘reactlon phases of the mechanism and of theilr interaction.

They are an attempt to explolt thls approach to learn as
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much as posgsible of the nature of the reactlon nmechanlsm.
loreover we helleve they are an essential preliminary to

‘@ffectivé work from other approaches.
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II. Haterials and Methods

All sxperiments 1o e described have heen done wlith

bacteriophage TZr adsorbed to cells of Escherichla coll,

strain B. The general sxperimental procedure has been al-
mogt ldentlcal In all cases. Individual experiments differ
only as to the nétwre and GOnﬂiTiOﬂBvﬁf the partlicular
llght treatment belng tested. Information on the light
treatment 1tself wlll be detalled carefully in each case

wlth the experimental resulis.

l. Phage stock.

The bacterlophage stock 1s a crude lysate of T2r on B
in the synthetic glucose~ammonlum medium M9 (NH4C1l, 1.0 g3
KHgPOy, 3.0 g; NagHPOy, 6.0 g; NaCl, 0.5 g; MgS0y, 0.1 g;
Hp0, 1000 ml; 4 g per llter glucose added sfter separate
sterillzation). The lysate was partially purified by one
step of low-gpeed centrifugation to remove bacterial debris.
In use 1t 1s always highly dlluted, so there was no need 1o
purifyvit further. The titer 1e quite stable, with & valus
of 421@10 partlicles per ml.

2. Ultraviolet irradistion.

Phage partlicles Ifrom the stock are diluted appropriately
in buffered saline, and a small quantity (2 ml) of the dilu~

tlon placed in a watch glass, 1n which 1t 1s exposed to
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' r&diatién from a 15-watt General Electric V"germicldal" lamp,
80 com dlstant. This 1s a 10w~pfessmre, mercury-discharge
“lanp emitting & large part of 1%te energy at 263.7 my. A
convenlent measure of the lamp's effectiveness 1s that

10“5 gsurvival of T2y 1s reached with 47 seconds of lrradia-
tlon. The timing of the lrradlatlon ls simply accomplished
by uncovering and coverlng the solution with a 114 opaque
to ultraviolet light (the top of a petri dish), which is
gufficlently accurate to glve good results.

The buffer solubtlon used here and elsewhere in the
procedure ls about 1/14 molar in phosphate, pH 7.0, with
added sodium chloride and magnesilum sulfate (NaoHPO,, 7.0 g;
KHpPO,, 3.0 g; NaCl, 4.0 g; MgS04, 0.2 g3 Hs0, 1000 ml).
All the preparations are stable in it. It 1s a good ad-
sorptidn medlum for TE.

The 1rradlated phage particles are stable'in their
bharacteristies and can be kept In a cold room, in the
fashion of normal phage stocks, for perlods at least as long
as a month. The surviving fraction and the behavior of the
partlicles in PhR do not seem to change appreclably. Never-
theless, we have preferred to use freghly lrradiated phage
preparations, bécause this seems less open %o posslible
criticlsm, | 4

The ultraviolet dose has been chossn to glve a surviv-
Ving fraction in the range 1-5x10"° in all the experiments %o

be described, which represents a compromise between opposing



cohgideratiams% On one handg 1t ls deslratle to use large
ultraviolet dms@s (Low survivalS), bacause the ratlo of
’survivalrin light to survival 1n dark becomes large and all
effects are more saslly 6bs@rveda On the other hand, at low
gsurvivals 1t becomes lacreaslingly dlfflcult to avold excsg-
glve amounts of multipliclty resctivation {23), which tekes
place 1n multiply-1infected bLacterla, and this covers up the
moat interesting features of PhR. This can be avolded only
by using very low average multiplicity of infection; the
practlcal 1imlt ieg flzed by the minlmum useful number of
plaques per plate, and the maximum sultable bacterial con-
centratlion.

Typical experimental conditions representing a sult-
able compromise are an ultraviolet dose glving a survival of
6x10'65 g bacterlal concenbtratlion of 1::108 par ml,‘aﬁd an
average multipliclty of infectlon of 1x10f5q This means
that there are 1x10° gingly infected cells per ml, of which
@xloz are active plaque formers in the dark, and 5x101
multiply infected celle psr ml {calculated from a Polsson
dlstribution), most of which are active due to multiplicity
reactivation. Plating 0.1 ml will then glve about 35 plaques,
of which only about 5 are a result of multiplicity reacti-~
vation. Three reblicate plates will give a total of about
105 plaques, which 18 about the minimum useful figure lnas-
much as gtatistical fluetuations in the counts become

relatively quite large when the counts are small. (The
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i ‘ 1/2
gtandard devlaticn with an sverage count of n 1 n /

2 )
Under these conditions the additlonal active plaque formers
‘which appear during PhnR come entirely from the clasgs of
&imgly Infected vacteria. The lncrease 1In plaguses can L
Tollowed Alrsctly, wilthout the necesslty of further Alluticn
before plating, since several hundred plaques can be counted
acscurately per plate.

The plaque count before PhR can be increased without
other change by increasing both bacterlal concentration and
phage concentration 1n the same proporition so that the
average multlpllclty of infectlon remalng the same. lany of
the experiments have been done with about Qxlﬂa cells per ml,
but the suspension 1s then quite fturbid and becomes much
more go at higher concentratlons. Where accurate znowledge
of the light 1ntenslty in the suspenelon 1s egsential the
bacterial concentration mugt be reduced, and this can only
be done by increasling the multipliclty of infection and hence
the proportion of multiply infected cells. AL 2x107 éells
per ml, average multipliclty of infectlon 5x10“3, and ultra-
violet gurvival 5%10™°, there are still 30 plaques per plate
from singly infected cells, but now there are 25 multiply
infected cells ber plate, and thils 1s about the practical
1limit which still permits clear-cubt and unambliguous experi-
ments.

There have been small changes in these parameters from

experiment to experliment according to the conslderation
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ﬁhich seém@d most important to the purpose at hand. In
general the values have always been within the limits that
"nave been indicated. A few early experiments were done at
gurvivals as low as 1%10"4, ahd these, although less satls-
factory, seemed to indlcate that the mechaniem of PhR found
in the narrow range otherwlse adhered to 1is not‘paculiar to

one ultraviolet dose alone.

d. Bacterisa.

The bacterls are grown in Difco tryptone broth, at
37°C, with aeration, to a concentration of about 2x108 celle
per ml, which 1s near the end of the lcg phase of growth,
The cells are washed by sedimenting them in a centrlfuge,
fdlscarding the supernatant liquld, resuspendlng them in an
equal vbluma of buffer solutlon, recentrifuglng, sud resus-
pending them a second time in fresh buffer.

‘ On some occaclons, to reduce possible detrimental
changes durling thelr preparation, the bacteria werse quickly
ehilled, waghed as rapldly as possible in a cold room with
cold solutions, and used lmmedlately. However, in two
experiments a portlon of these carefully washed bacterls
were starved byvvigoreus aeration at 37°C for periods of one
and two hours, then infected, used for PhR, and the results
‘eompared wlth those from the fresh bacteria used immedieately.
Fellowlng starvation there was some loss of bacteria, both

as colony formers and as phage ylelders, and some decreasge
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in the maximum rate of PhR, but no effect was found in any
of the essentlal characteristics of PhR. We conclude that
- the condltion of the bacteria is not critical. Accordingly,
in most cages the bacterla have been prepared as qulckly as
ig convenlent {about 30 minutes) and used promptly, but no

other speclal precautlons have been taken.

4. Adgornticn.

The ultraviolet-treated phage partlicles are added to
the bacterlal suspension in the buffered saline solution,
which 1s then kept at 5?°C fof 12-15 minutes to allow com-
pletlon of adsorption to the hogt cells. The development
of the abllity to photoreactivate during this period was
followed in two experiments which will be described in sec-
tion III; after this time there is no further change. A%
normal temperatures the infected bacterla are satisfactorily
‘stable and show only very small changes even when deliber-
ately mistreated {as above); in the cold they can be kept
without change certainly for many hours and probably for
days. - This adsorption mixture forms the starting point for

the experlment proper.

5. Exposure to reactivating light,

Identleal 0.5 ml samples from the suspension of in-
fected bacteria are placed in each of a number of smgll

irradiation tubes. Thereafter, all these tubes are trested
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'>as nearly 1ldentlcally as possible, except 1n one respect:
the 1light treatment esach recelves., Each tube, with 1lte
“sample, 18 subjected separately to gome specifiled light ex-
posure, and thus glves an 1ndependent determination of the

amount of PhR produced by that treatment.

8. Assay for active lanfecltlve centers.

After PnR the count of active infective centers of a
sample rsmains consftant, so the time of assay 1s not crit-
ical. The most convenient procedure, and the one giving the
-best results, ls first to complete the schedule of exposures
for all samples, storing each sample in the cold and dark-
negs after PhR, and then to plate all samples in short order
at the cleose of the experiment. The time between PhR and
plating may be hours 1f need be.

Several plates are made from sach sample by standard
agar-layer technique (25) using tryptone agar. As indlcated
previously, the concentration of infective centers is always
80 adjusted that a sultable number of plaques 1s produced by
plating 0.1 ml directly from the irradiation tube without
any 1ntsrveﬁ1ng dilution étepq Plaques are counted after
incubation of the‘plates overnight at 57°C; the count re-
ported for each sample ls the total from all the replicate
plates. Total counts for different sampleg can be compared
directly as an‘indieation of the PhR produced by each given

treatment,
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- e Eqmipmenﬁ used feor photoreactivation.

All work 1s necessa?ily done 1n a room illuminated only
“ by naﬁ—feantivatiﬂg yellow or red light. The common yellow-
orange "ingect-repellent® bulbs are sultable., The equipmant
used to obtain PhR 1s shown schemaftically in figure 1, and
will be described bfieflya

The 1lght source 1ls a 1000-watt projection lamp cooled
by foreed-alr ventllation. It is operated from the 80-cycle
line voltage with a serles rheostat, which can be used to
control the imtensity; |

In preliminary experiments with interrupted light the
lamp was operated from a DC source and the llight beam chopped
by a rotating toothed wheel. These experiments showed that
within the avallable sccuracy interrupted light 1s equiva-
lent %o continuocus 1llight of the same average intensity for
chopplng frequencies from one cycle per second to 2400 cycles
per second. It 1s now known that all rate-determining steps
of PhR are slow compared to these frequencles, so that rapid
variations in the light intensity are completely averaged
out. The use of the more readlly avallable AC power isg
therefcre‘jﬁstified in spite of the fact that 1t introduces
& 120-cycle ripple in the lamp output.

The light passes through a filter eell/aontaining a
solutlon of copper sulfate (CuSO,, 23 g per liter in water;
1 3/4 inches thick), which removes the large amounts of red

and infrared energy emltted by the lamp. Its transmission
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kis aver‘@O% from 340 to 510 myu, less than 1% above 680 my.
In order %o digpwse of the 1afge amount of energy absorbed
by the fllter solution, cool water 1s run through colls of
copper tublng included in the filter cell.

The apparatus 1ls enclesed 1n & light-tlght houslag up
to the polnt of the ghubtter, which 1s used %o control the
time of sxposure. The shutter 1s slmply a vane moved by an
electrical solencld; 1t operates quickly and effectlively
and 1s easily controlled. In two experiments, where very
short exposurss were required, a camera shutter was used
instead. The actual exposure tlme at each shutftsr setting
was measured, and the correct Times are Pecord@d‘with the
data.

A fraction of the total light is reflected downward to
a phototube by a small piece of glass, The tube 1s a type
935 wvacuum phototube; thls nas type 9-5 spectral response,
peak sengltivity at about 340 mp, chosen as the response
most similar to the PhR asction spectrum. The light 1htengity
is monitored continuously by measuring the phototube current.

It 1s clear that changes in emisgsion from the lamp
Qrdinaril§ involve changes in the spectral dlstribution as
well as in the total amount of the energy. The changes in
intensity as 1ndicated by the phototube and as seen by the
‘PhR pilgment are not necessarlly the same because thelr re-
gponae as functlion of wave length 1s not 1dentlcal. For

small intenslty changes the correspondence of phototube
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current with PhR effectiveness is probably close, but for
large changes the two almost certalnly diverge widely, and
“the photbtube current would then give a gross misrepresenta-
tion of the effective intenslty. The lamp is therefore
operated g0 ag to glve ccnstant phototube current at all
times, and intenslty reductlon at the sample ls accomplished
by the use of a rapldly rotating disc in which open sectors
have been cut. It is placed Just outside the shutter 1in the
path of the 1llght. TVarlous such dlscs are avallable with
gectors of Aifferent slzes giving different average intensil-
ties, and the ratiog of the intenslties are acourately known.
The frequency of the flaghes so produced is not synchronous
with 80 cycles. The standard intensity will alwéys be re-
ferred to as a relatlive wvalue of 1.0.

The beam of 1light 1s reflected upward by a prism and
enters the sample through the bottom of the lrradiation tube.
- At this point the 1light beam forms a uniform spot slightly
larger than the bottom of the tube. The maximum intensity
that can be reached (relative value 1.25), as measured by a
General Electric model DW-60 radlation meter (a thermocouple
device), ig about 2.5 calories per om? per minute,

At the clbse of the present work a set of interference
filters became avallable. The transmlssion of two of these
lies well within the wave length range useful for PhR and is
éhown in figure 2. These were not used in any experiments,

but the’light(energy passing through them was measured,
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providing a useful, though very approximate indication of
the actual amount of ehergy avallable for PhR. At the
" posltion of the sample, with maximum lamp intensity (1.25),
fhs radlation meter reglstered sbout 0.028 and 0.02 calorles
ver cmg per minute for energy rscelved through the fllters
wilth peak transmission at 379 mp and 401 mpy respectlvely.

The l1rradidtion tubes are ordlaary flat-bottomed, screw-
cap vlals of 5/8-inch diameter. They are selected from
stock to have uniform dlameter and flat botteoms. With that
precaution, any variabllity introduced by differences among
the tubes 1s not greater than other experimental errors.
The varlsnce of the plaque counts from a series of i1dentical
gamples usually correaponds well with that expected in small
numerlcal samples on the basls of chance alone.

The tube 1g held accurately in positlion by a spring
clamp, and can be rapldly removed or inserted. The water
“bath surrounding the sample ls thermostatically regulated
to within £ 0,05 C of the stated temperature. This ie
accomplished by a mercury regulating device controlling a
heating element in the bath, The water in the bath 1is
stirred,vigorcasly at all times by an electric motor. A%
low temperaturés’fogging of the outer surface of the bath
vesgel 1s prevented by directing a stream of compressed air
‘at the point immedlately below the sample, through which
point the light passes.



ITTI. Experimental Results

We shall first consider brieflvy the general character
of PhR kinetlcs as found 1n experlments wlth long exposures
of reactivating light leading to maximum PhR. This will
then serve as & background for the detallsd studies which
form the main bedy of our work, and which concern exclusively

the inltial phases of PhR before the maximun ia approached.

1l, Maximum photoreactivatlion; approximate over-all kinetics.

Flgures 3a and 3b show data from an early experiment in
which PhR was measured as a function of the time of exposure
to reactivating light. It is a repetition of the type of
experiment degeribed by Dulbecco and confirms hls resulis.
It 1llustrates well the general character and magnitude of
the PhR effect.

The equipment used in thils case was not the same»as
that described in the previous section and used in all sub-
sequent work, dut this 1s of no consequence since the experi-
ment.is,iﬁtfoduced only as & background for the later work.
The light sourde~was a medium-pressure mercury-dlscharge
lamp, type A-H5. The wvolume of solution 11lluminated was
5 ml; its temperature was 37° Q. Exposure was begun at time
zero, and samples were taken at time t, diluted, and plated.

Data are plotted in filgure 3a as the surviving fraction
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relative to the zseotive phage present before ultraviolet
lrradiation; surviv&l in the dark, bvefore PhR, was 5}:10“4a
The population of infected bacteria can be thought of
as contalning three classes of individuals: those asctive as
vlaque formers even in the dark (?GDJ those capable of e~
odming active through PhR (aPmaK)y and those inactlve in
glther case. The total active plaque formers at any glven

‘time will be called P. The data are described very closely

(but, as we shall eee, not perfectly) by the equatlons

WP = (P - P, = OPp, (1 - &%) (1)
Tn(l - ég___) = -at | (10)
4 max

where a 1s lndependent of %. In figure 3b the data are
shown plotted as ln(l - aP/&P ) vs. t. A gtraight 1ine
fitted to the polnts by the method of least squares inter-
ksects the vertical axlis &t 1.05 and pesses within abogt
5-7% of all the experimental polnts; thls error cmrrespondﬁ
to about the statistical fluctuations expected in the plaque
eounts. _

The simple exponentlal functlon whlich appears to
~degceribe the o#arwall kinetiecs of PhR led to the supposi-
tion that PhR is "oné—hit“, or one-event in nature (22).
However one-hlt repair of the multiple-hlt ultraviolet radia-
tlon damage presents a mparadox that has not been satisfac-

torily explained. This will be discussed in greater detall
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“in sectlon V@ We suggest that the repalr does occur damage
by damage and thatvthe approximate one-hit reactivation of
‘the partiele ag & whole 1s an artifact resulting from a
varlation among the damages of the rate at which they are
repalred durling exposure to llght. The manner 1n which thils
can occur is shown in the appendix. The data of figures 3z
and 3b do not colnclde perfsetly with equations (la) and {1bj,
but show a small inflectlon near the origin. Evidence of
gsuch a devliation has been found repsatedly and will be point-
ed out in the experimente as they are presented; there 1s no
doubt that 1t exlsts. Its magnitude 1s probably large snough
to make possible an explanatlon on the basls of the agsump~
tion we have suggested.

In the flrst seconds or minutes of exposure to light
have also been found other much larger effects which provide
lmportant clues to the nature of the mechanism by which light
énergy 1s received and utillzed for PhR. These effects, which
are the subjects of our experiments, are not obsoured‘by the

small deviatlons from linearity mentioned above.

2. Transient inltial perlod: the light resaction.

At the beginning of a perlod of continuous 1llumination
~the rate of reactlivation 1is directly proportional to the
light 1nténsity and only slightly dependent on the tempera-
ture. At high light intensities, however, the rate qulckly

decreasesg in an exponentlal fashion from the inltlal value
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te a new, lower value, whiah thereafter remalnes constant,

and PhR continues to a maximum in the manner previously
‘describeﬁ¢ The time constant for the decay of the inltlal
rate 1s approximately inversely proportional to the light
intenslty and is almost lndependent of the temperature. In
contrast, the second, or steady-stalte rate during contlnuous
1llumination is not proportlonal to the latenslty and 1s
gtrongly affected by tempafatu?e. The steady-state rate will‘
be discussed in detall in part 3 of thls sesctlon.

We believe that a clear plcture of the primary photo-
chemlcal resctlon, lsolated as a single reactlon step, 1s
to be found in thileg very dbrief initlal period: that the
initial rate of reactivation 1s directly proportional to the
rate of the 1light reaction step under all conditions; that
the decrease in the rate of reactivation, which 1s observed
at high light intensitles, is due to the depletion of light-
‘absorbing material by the light reactlon; that the flrst-
order kinetlcs found for this decay in rate, and the fime
congtant of the decay are the kinetlcs and the actual tlime
constant of the llght reaction step 1tself.

Data 1llustrating the characteristics of the 1lnitlal
perlod and ité relation to the steady-state period followling
it are shown in figures 4, 5, and 6. Figures 4a and 4b pre-
sent the results of an experiment at 37.0 C, plotted on two
different time scales. Each sample recelved four llght

flashes, each of length t and intensity I, spaced at inter-
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vals of three minutes, Under these condltions the effect of
each flash 1s approximastely equal, eo that successive flashes
serve to multiply the amount of PhR without changing 1ts
character. The otherwlse small 1Initilal effects are thus
lnoreased relatlve to the nuwnber of survivoers in the dark.
(Effects concerned with intermittent light are consldered in
detall in part 4 of thls sectlon.) There wers three inde-
pendent samples exposed at each flash length; the total
plaque count on two replicate plates from esach sample 1s
plotted as & function of the flash length.

In thlie and in the followling experiment two different
light intensitles were used. Reductlon of the inftenslty
was accomplished by reducing the lamp voltage. It was not
pogslible to include in the optical Train the rotating dlsc
ordinarily used for intehsity reduction due to the presence
of the camers shutter which was required for short exposurss,
and which had to be placed in the usual position of the disc.
In order to have a valid measure of the 1intensity at tﬁe
wave lengths useful for PhR, the ratio of the two intensities
used was meaaured through the two interference filters
previously described. Thls ratio was 7.2. On the scele of
relative values‘that has heen used the higher Intenslty was
1.25, and the lower was therefore about 0,175.

‘The smooth curves drawn in the figures are of the form

AT

4P = (Pw=P)) = Rt + 4P (1 -0 ), (2)
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wlth the constants B, 4P,, and A chosen to fit the data as
well as possible. It wlll be seen that the fit 1s very
'gomdav’ﬁ ls the steady-state rate; 1te characteristics and
thelr interpretation will be Alscussed in part 3 of this

sectlon. 4P, 1ls the lncrease in plaque count due only to

1
the inltlsl phase of PhR and is obtalned by extrapolating
the steady-states line %to zero time; 1t results from the
utllization of that amount of plgment 1nitially present
which 1s in excess of_tha steady;gtate concentration., A 1is
the rate congtant for the completlon of the initial phasge;
1% will bve shown 1n section IV that 1% should equal the sum
of the 1light reaction rate and the competing dark reactlion
rate, but at high lieht intensities the former 1s dominant
and A 1s approximately proportional to the intensity. The
experimental results at 37.0 ¢ are: I = 1.25, (1/4) = 0,95
second; I = 0,175, (1/A) = 5.7 geconds. A decrease in I
‘by a factor of 7.2 thus decreases A by a factor of 6.0.

An identical experiment was performed &t OQOOC, éxcept
that the flashes were separated by 45-minute dark intervals
to allow time for complete recovery between flashes. The
- results are shown in flgures 5a and 5b. The steady-state
rate, R, 1s ve%y‘much lower than at 5?06 and 1g not measur-
ably different for the two Intensities used, indicating that
the dark reaction 1s extremsly slow at this low temperature
and now determines the stéady«state rate completely. The

initlal rate of reactivation and the constant A are exactly
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proportional to the light intensity. The resulte at 0.0 C
are: I = 1.25, (1/A) = 0.6 second; I = 0,175, (1/A) = 4.3
’ﬂeoondg.' The decrease in I by a factor of 7.2 decresses

A by a factor of 7.2. The reason for the apparent small
Increase 1n the light reaction rate at the lower temperature
as compared to that at 37.0 C 1s not known,

In flgures €a and 6b data are presented from an experil-
ment desligned %o show the relation of the brief initial
pérlod to the over-all PhR curve. In this case each sample
recelved only one light flash of length %t and intensity
I = 0.8. The temperature was 36.5 C. The adgorption mix-
ture was dilvided into two portions, one belng used directly
for samples exposed for short times, and the other being
dlluted by a factor of 10 and used for samples exposed

longer times leading to large amounts of PhR.

3, Steady-state rates during contlaucus 1llumination:

interaction of light and dark reactions.

Followling the brief inltlal period there 1s establisghed
a steady-state condition which, if illumination is continued,
prevalls %o fhs completion of maximum reactivation. A% low
light intensitiés‘the steady-state rate of reactivation is
directly proportional to the intenslty indicating that the
light reaction remains the limiting factor; but as the in-
tenslity is lncreased the rate of reactivation fails to in-

crease proportionally and finally tends toward a fixed
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maximum}whi@h ls dependent only on the temperature. In this
extreme condltion the rate limiting factor is a dark reaction,
" whose functlon we belleve to be the replenishment of the
light-absorbing material depleted during the inltilal period,
At Intermedlate 1light intensities the rate ls determined oy
the lnteractlon of both light and dark reactions which to-
gether determine the steady-state concentration of the D1g=
ment,

We shall define the rate of reactivation, R, as the
slope of the line obtalned in plotting plaque counts, P, ws.
time of exposure, t, during the stsady-state perliod. As
such 1% 18 %o be distinguished from the rate constant a

defined by the relation,

LP = AP (1 = e"at)¢ ‘ (1a)

max
We shall confine all measurements to the first part of the

curve, which 18 essentlally linear, and in which

R o= & = a-° apy,. (3)

‘Thus 3 is directly proportional %o a although it is glven
in the arbltrary units of plaques per unit time. Within
any one'experiment values of R found under different con-
‘ditlons can be compared as a measure of the dependence of

a on these condltions. |
| It is found experimentally that the dependence of R

on ligh% intensity, I, is described satisfactorlly by the
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function

= 1 I
R o= Ryg (3 , (42)
where Rmax and B are appropriate constants., The funetion

oopviously has the desired qualltative features: with I much
less than B 1t 1s directly proporticnal to I, and with I
much greater than B 1t tends to the value R,y lndependent
of I. Rmax lg thus the maxlmum, or limliting rate, and 3B
1s the intenslty at which half maximum rate ls reached.
The interpretation to be developed in sectlon IV is that
Emax is proportional to the rate of the dark reaction pro-
dueclng the pilgment, and B is the ilntensity at which the
light reaction and the reverse dark reactlon remove the
plgment at equal rates.

Quantitatively the function 1s best checked againét
the data by plotting (1/R) vs. (1/I), which should give a
stralght line, since equation (45) can he put in the form

(/R) = (/Rye) + (/R ) (B/I) . (41)

Both c@nstantﬂ can be read directly from such a plot, for
the vertlcal intercept 1s (1/R..), and (1/R) = 2(1/Rmax)
when I = B, |

'Experiments have been performed to test this relation
over the temperature range O—45°C, énd it appears to hold
in all cases. The experiments also show that B changes
rapldly with the temperature. Data are presented in figures

7-21, and a summary of the values found for B is given in



table 1,
In each case the direct experlaental dsta are plotted
firet as P vg. t; then R lsg calcoulated for each inteaglty

and a plot of (1/R) vs. (1/I) made. A straight line 1a

fitted to tie latter points by the method of least squarss

and the values of Rpy. and B read off, In all the experi-~

ow

ments the general proceduars was exactly that whleh has al-
ready been described. FEach sample was placed at the indi-
cated tenperature, allowed to remaln long snough for egulli-
bratlion of temperature and the cumpletion of the known dark
reactlion steps (see part 4 of thls section), and given &
gsingle light flash of length t, 1ntenselty T. All samples
remained the same length of time at the gilwven tenperature.
In order tov avold the risk of losing llght intenslty
by abgsorptlon witrin the sample, the bacterizl concenftratlon
wag reduced to about 2x107 cella per ml in all cases. The
'optical density =t 365 mp of the bacterial suspenslon at
this concentratlon ls about 0.05, as measured 1n a Beckman
gspectrophotometer, Transnlssion through the 3-4 mm desp
layer in the irradiation tube ghould then be about 98%.
Moreover the loss of light neasured by the spectrophotometer
1s almost entlrely dus te scatiering, wheress most of the
scattered light 1ls not 1ost for PhR. There has been no in-
dlcation that the effectlve intenslty 1s significantly

decressed even at cell concentrations of 2x108 per ml, so

the lowerling of the concentration to 2:(1()'7 per ml is
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eeftainiy an adequate precaution.

It 1s to be noted that whanever the intenslty becomes
‘much less than B, the value required for half maximum rate,
a small lag appears at the beglnning of PhR. This 1g the
game effect found in the experliment of flgure 3 and comment-
ed on in that case. At high intensltles 1t 1g hidden by the
large inltilal increase 1n plaques.

These experiments do not give s sufficlently accurate
comparison of Rmax at dlfferent temperatures., For this
purpose a second series of experiments waeg made, 1in each of
which the rate was measursd at the standard 1llight Intensity,
I = 1.0, both at the experimental temperature and at a
reference temperature of 56.600. Thé ratio of these two
rates can be determined accurately and 1s reproducible.

The standard intensity produces a rate, R(1.0), within a
few per cent of R .. at all temperatures, so the measured
ratio can be corrected teo the true ratioc of the values of
Rméx with accuracy using the values of B obtalned in the
previous series of experlments. Thé necessary correction l1s:
vaax = (1+B) * R(1.0) . ‘ . (5)

Experimental data are shown and the calculation briefly
indlcated 1n figures 22-30. The values obtalned for Rmax
are summarized in table 2.

| If the number of particles capable of PhR ig inde-
pendent of temperature, then according to equation (3)

both apg,, and Ry, should change with temperature in the

X



game way. Xnowledge of a at any one temperature, whiloh

max
can be optalned snly by fellewlng thie conplete kinetlc ecurve
to maximum PhR, weald then make posgslhle celeulation of S
ax
at any dsslrsd temperature uslng the much mors eaglly mesa-

aced value of RJ%K &t that tempersturs, The siperlasnt of

figure 6, which was at 38.5 C, indicated that (1/a) = 9 ri-

”~

autes at I = 0.8, end theretfore thst {(L/a Y o= 8 1/2 minates,

max
approximately. Thles value can ve used lTor approxinate cal-

culatlions of amat at other temperatares, THut 1% must be

remembered that such calculatlcns rest on the sssumptlon
that LPpay 18 congtant.,

4, Effects with internittent light! the dark reaction.

In the darkness preceding 1llumlna*tlon certalin equlli-
brium conditlene exlgt., Upon exposure to light these con-
ditions are altered and a new gteady-state condltion is
‘established which isg sustalned as long as 11llumlnatlon le
continued. Thils 1s evidenced by the rapid decresase in
reactivatlion rate from the high initial walue to a low
steadymstata value found during exposure to high~-intensity
light.

If, now, the light 1ls turned off and a considerable
dark perliod 1ls allowed, the 1nitlal state ls regtored, and
a second exposure to light repeats exactly the pattern of
the first. The cycle can be repeated indefinitely, although,

of course, maximum PhR is rapldly approached. Filgure 31
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shows déta frﬁm an experiment at 56,5 C with repeated flashes
of light of wvariocus lengths separated by a constant dark
'iatervalrof two mlnutes. The Fflrst flash 18 slightly less
effective than those following, an effect apparently of the

[¢:]

ordgln as the small 1nltial lag observed in flgure 3
and at low imten@lties’in figures 7-21.

By warying the length of the dark intervals beftween
‘successive flashes 1t i1s possible to follow the progress of
the dark reaction in time. PFigures 32-38 show the results
of a series of experiments of thisg type at temperatures from
0 to 45° C. Every sample recelved exactly the same light
exposure, which was three 5-gecond flashes at intenslty
I=1.0. The samples differed only in the length of the
dark Intervals, tD? which separated the flashes.

At each tempsrature the data fit an equation of the

form

), (s)

oP(t,) = Pt )-P(0) = LPBO)(1 - e
where P(0) i1s the plaque count with zéro dark intervals
(single contlnuous flash), cP(e) is the increase in plaque
count found with very long dark intervals, and C is a
specifie rate constant. In each experiment a value of C
1s determined, and these values are summarized in table 3.

- Slnce a gingle 5-sgsecond flash ét gstandard intensity is
Just suffliclent to almost exhaust the supply of pigment

present, but allowsg 1little time for the dark reasctlon %o
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proceed (see figures 4 and 5), 1t i1s essentially & method
of assay for the amount of plgment present &t the time of
the flash. With zero dark intervals the second and third
flashes produce 1ittle PhR, The observed incresase in plaque
count with increase 1n dark interval length 18 then a dirvect
measure of the restoration of light-absorbing material in
the c¢ell, and shows that the dark resction producling the
material follows first-order kinetics.

The amount of pigment present after & long dark inter-
val 1s determined by a temperature-dependent equilibrium.
If the temperature 1s changed we should expect this amount
to change somewhat, and 1f the temperature change is abrupt
the time required for the establishment of the equilibrium
condltlon at the new temperature should be the same ag for
the recovery of the system at that temperature in the dark
Interval following an intense light flash, since the same
“dark reactions govern both. The effects followlng tempersas-
ture changes are small and much more dAifficult to obgerve,
but we believe the expectation has been verified at least
in the most extreme case.

Figuré 39 ghows data from an eﬁperim@nt Investlgating
effects fallmwing a temperature change from 40°C to Ooca
At time t = O the sample was moved from 40 C to O C, and at
time t 1t received a single 1lO-gsecond flash of light at
intenslty I = 1.0. A%t time T = 60 minutes 1t wasg returned
to 40°03 equilibrated 15 minutes, and the cycle repeated in
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ordsr to multlply the amount of PhR. There were three guch
cycles in all. Thus all samples recelved preclsely the same
*t@mperatmre treatment and the same light treatment, and
Aiffered only in the timing relations between the two. The
time required for the tempsraturs of the sanple actually to
reach o ¢ was certalnly less than one mlnute, but no samples
were sxposed at t less than one minute ln order to aveld any
questions of interpretation. The maximum change which could
be produced was avout 30%, but this was reproducible. The

- amount of reactivation became constant after about 30 minutes.
This corresponds well with the rate of recovsery at C?C
during the dark lnterval following a light flash, whiech 1s
ghown in figure 38.

If ample time for equilibratlion is allowed before the
light exposure, and the effects of a temperature change
after the llght are lnvestigated, no change ls found.
Repeated experiments with temperature changes after the
1light flash, whether an lncrease or decrease of temperature,
whetheyr one or several cycles, and no matter how carefully
or rapidly accomplished, have always given completely negea-
“tlve resultéa We are forced to conclude that any steps
requlred for PhR which take place in buffered saline after
the primary photochemical step are elther completed within

e few peconds or are completely temperature independent.
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O. Helatlon of photoreactivatlon to the adsorption process.

We have confirmed Dulbecco'’s result that no PhR can be
'p?mdmc@d'by irradlatlon of elther bacterla or phage before
allsorption of the phage particles to the cells. Zlther the
vhage suspenslon or the bacterlal suspenslon was exposed %o
1light of saturating intenslty, and the other was added with-
in one second after turning off the 1light by dlscharglng 1t
rapldly into the irradlation tube from & serologlcal pipette.
- The bacterial concentratlion was greater than 13109 cells per
ml, so as To promote the mest rapld possible adsorption,

The temperature was 36@590. The plaque counts were not
slgnifilcantly different {rom controls recelving no light
exXposure.,

However, when the phage and bacteria are first mixed,
anfl a short 1ight flash of saturating intensity 1s glven
the adgorptlon mixture at some stated time after the mixing,
1t 1s found that the zbility to photoreactivate develops
wlthout perceptible delay from the time of mixing. Résults
of such an experiment are shown in figure 40, As before,
the bacterlial concentraticn was about 1x109 per ml, and the
‘temp@rature‘was 56.5000 Hixing occurred at time t = 0, and
the sample recelved a 5-second flash of intensity I = 1.0,
starting at time t. The points plotted at % = 0 are con-
‘trols which recelved no light.

Figure 41 shows results from a similar experiment 1in

which the development of the ability to photoreactivate was
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followed to completlon. Thls required about 8 minutes and
appeared to proceed approximately exponentlally without
‘lag. The time constant was about 1 3/4 minutes at the
temperature 56%50%6 The bacterial concentration was about
ﬁxl@g par ml.

The reactlon bpetween phage and bacterium which these
experlments show to be necegsary pefors PhR can occur, may
Take place almost inmmediately following mixilng, but on the
averags requires 1 3/4 minutes for completion at this
temperature, It 18 not identlecal with the dark reactlions
pre?ioualy described because the rates are not the same,

It 1s not the first attachment of the phage partiecles to the
bacteria, for this ococurs almost instantaneocusly under the
experlmental condltlons, as shown by the following results.

In the experiment of flgure 41 potent antlserum againet
T2 was added fto samples at 30, 80, and 90 geconds after mix-
ing of phage and bacteris. (K value of serum = 1000 min +;
dilution in sample 1:10. Therefore survival of free phage
should be less than 1% within three seconds.) The samples
were exposed to 1light 8 mlnutes after the initial mixing, and
“the FPhR pfaduced wag ldentlcal with that in similar samples
without serum. .Therefore antlserum added after time 30
seconds does not prevent completicn of the PhRaeaabling
reaétion, although 1t would remove any free phage still
present,

Heat-killed bacteria (85 C for 15 minutes) adsorb phage
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-T2 Wellyand can aleo be ussd as an agent to remove free
phage, slnce they do not 1iberate the phage and 4o not form
'piaqueagr In another experlment at 5700? wlth a hacterlal
concentration of 2%109 per ml, phage and vacterlia were mixed,
and gamples renoved after a time $ and diluted 1n a large
excegg of heat-killled bacteria. At Tt = 0, 1.8, mlixing in

he pregence of neat-k1lled bacteria, adsorption to healthy
cells was effectively prevented, but at % = 30 seconds, the
time of the Tirst samﬁlez this adsorptlon was already com-
plete. The PhR-enabling reaction is therefore not the first
adgorption satep.

Garen and Puck (25) have gtudlied the adsorption of T2
to bacteria under wvarious lonic conditions. They found that
attachment is 1rreversible wilth the buffered saline solution
and the conditlions we have used, but that at lower lonic
concentrations it ls reversible, and at still lower concen-
 trations 1t does not occur at all. Dulbecco (26) has found
that lonic conditions allowing only reversible attachment do
not pernit PhR. Puck has recently describsd (27) an experl-
ment in which the adsorption mixture was first equllibrated
under eondiﬁiohs permittlng only reverslihble attachment, the
loniec concentration then 1ncreased, and the development of
irrveversible attachment followed as a functlion of time. The
time,for half completion of the reaction was about one
minute, or somewhat longer, which corresponds well with the

time for the reaction permitting PhR.
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We intewprﬁt our results, therefore, toc mean that in
our buffer solution aﬂﬁmrpﬁiom‘takes place in two sequential
"steps, the first a reversible attachment of the phage parti-
éle to the bacterial cell which 1g completed very rapidly
at high bacterial concentrations, and the second a step of
lrreversible assoclation of particle and cell which makeg
PR posslble, and which 1s the rate-1lmiting step 1in the
development of the abllity to photoresctivate. We con]Jecturs
further that thle gecond step may be ldentical with the
injection of DNA into the bacterlum, as found by Hershey
and Chase (11). It wlll be of great interest to see 1f
additlonal work conflrms thle guess, and 1f more can be
learned of the point at which the ultraviolet-damaged DNA

enters into the PhR reaction scheme,



1V. Theory

The experimental results are very well in accord with
prédictions based on a simple model for the reactlon mecha-
nism. It would not ove Justified to assume that the model
necegsarlly corresponds to the actual reaction mechanism of
PhR, sgince many models can be proposed which will account
for any glven set of observations within the limlits of
experimental srror. However, conslideration of the model
provides a useful gulde to thinking and to experimentatlon
because 1t clarlfles the functional relationships between
the experimental quantitles.

The model we shall digcuss 1ls the following. In a
bacterial cell infected by an ultraviolei-irradlated phage
particle there ls, in the dark, a tempsrature-dependent
equilibrium between two compounds, X and ¥. The reaction
vetween X and ¥ follows flrst-order kinetics, with rate

constants kl and k, for the forward and backward steps.

2
Compound ¥ 1s capable of absorblng light and 1s converted

by llight %o an active material, Y%g which ordinarily dis-
appears'albng unknown paths without effect, Y% may, however,
cauge the phage fc become active; the probabllity of reacti-
- vation per‘malecule of ¥ produced 1g k5. X 18 assumed to

be present in sufficient amount that 1t does not become

appreciably depleted during the course of an experiment;
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1t is thus the reservolr of materlal from which ¥ ls replen-
ished. It is possible that ¥ may be cyeled back to X

“elther difeetly or indirectly. 1In summary:

I KT
Xy >y >~
I .
;

actlve infective center

We ghall deslgnate The amount of X and ¥ present as
X and y and the probabllity that any phage particle of the
photoreactivatable class ls active as p. Then the complete
expression for FPhH produced during a single perlod of
1lluninatlion of length t at conegtant lntenslity I can Dbe

found 1n a stralghtforward manner:

%% = kqx - (kI+kg)y TS
~{kI+k,) %
= kox{el )[1 + (EI) 2 (8)
¥ 12( mﬁﬁ-z- k—é e
%% = k5°kiy{1wp) o (9)
In{l-p) = mkg*IkIydt (10)
“ - (kTI+kn)t
- o ¢ kI 1 kI LM
= ‘kg klx(m)Lt <+ (T{é) (m) (1"3
| T (11)

Equation (8) shows that y decreases from fthe dark equlli-
brium value of (klx/kg) to a steady-state value of
(klx/kl+k2)° In the darkness following the light exposure

¥ returns exponentially to the original equilibrium value

)]
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with time constant (1/k,):
& .

F o= kgx -y (12)
-Zn't
ESES (kI y, ®D
2 KT‘}-EE -
s G P
= }iﬂ? ESpar ) e e RO kI ’ {137
{kg )iﬁlwkn)(l © ) (ETEEE) (15%0)

If & second ghort Ilash of light cvcours at time tB’ 1ts
effectiveness will be proportional to the wvalue of y at
that time, l.e. to the value given by equation (13).

The correspondence of the theoretical with the experi-
mental regults is seen by comparing equation (11) with
equations (1b), {2), and (4a), and with figures 3-31, and
by comparing equation (13b) with equation (8) and with
flgures 32-38,

The expression (l-p) corregponds to the experimental
value (1 - 4P/4P;..). Equation (11) gives 1n(l-p) as the
sum of two terms, one of which 1s directly proportional %o
t and 1s much larger than the other term for all 1argé
values of t. In this case equation (11) corresponds to
equatlion (1b).

In ekpériments where t 1s emall, p 1s small also, and
we have approximatelyg -1n(l-p) = p. Then p is convenlently
compared directly with 4P, the increase in the experlmental
plaque count. With this approximation, equation (11) is
seen to be identlcal in form with equatlion (2). The two

equations corrsspond exactly if we equate the fallowing
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guantities:
R = k o °lkyx (EI_E_) (14)
BFy o= iv—)(gﬁlg—3 | (15)
L o= {kI%kE) . {18)

The steady-state rate, R, 1s thus of the form given in
equation (4%), and the ldentiflcatlion ig completed by
equating

Rmx = 1{3 b klx {. 1’? )

B = {kﬁ/k) . (18)

Finally, a ccmparlson of equations (8) and (13b) shows
the agreement of the model with the results of experiments
using intermlittent light. The corresponding rate constants
are

C = kz (19)

The dependence on the absgsolute temperature, T, of the
rate constant, k, of a single reactlion step is given by the
Arrhenius equation:

kX = (Constant ° eﬁ% ) (20)
where p ls the energy of activation of the step, and R is
the gas constant. A plot of 1n k vs. (1/T) then gives a
gtraight line of slope (~p/R). The product or quotient of
guch rate constants also glves a straight line in this type

of plot.
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The model we have dlacussed makes the followlng 1ldenti-

flocations:

Rpgx = kgaklx (17)
B = {RQ/K) (18)
C = X, (16
C = X, . {(19)

Each of thege quantities should therefore glve a stralght
line 1n an ﬁrrﬁémiuﬁvplat@ Morsover, since kX 1s a l1llgnt
rezetlon rate consbtant and lg expected to change very 11lttle
Witﬁ/t%mpﬁfaﬁﬂfﬁﬁ both B and C should vary with temperature
in the same manner. Flgure 42 shows the data of tables

1, 2, and 3 plotted as suggested.

The experimental values of bhoth B and C flt a single
gtralght line rather well. The 1llne drawn in figure 42 has
a slope corresponding %o }1 = 11,600 calories per mole,

The greater deviations of the data from the line at low
temperatures are probably not significant, slince the deter-
minations are relatively quite lnaccurate at lower tempera-
tures, as can b2 seen by reference to figurses 20, 21,-573
and 38.

Since B 1s measured in arblitrary units relative to the
gtandard 1ight intenslty, the values of B could be ghifted
vertically on the log scale in figure 42 for purposes of
comparison with the wvalues of C. However B and C are approx-
imately equal numerlcally without adjustment, indlcating
‘that the 1ight intensity scale has been chosen accidentally
guch that the light reaction rate constant X = C/B = 1,
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vil/kz) = (1/C), a quantity already known from other experi-
ments. Reference to filgures 7-30 shows that ﬂPi falls
-gomewhat short of the expected value at the Aigher tempera-
tureg, but appreoaches 1% closely at low temperatures, where
the light intenslty 1s very large relative to the value of
B, In experiments at the higher temperatures with repsated
light Tlaghes, such ae that of figure 31, the valuse of Py
for the second and succeeding flaghes has been found equal
to that expected. The reduced size of AP; for the first
flash 1n these cases 1s therefore another manifestation of

the short initial lag in the beginning of PhR, which has

veen descripsd.
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V. Dlscusslon

Our experiments provlide conslderable informatlon of a
formal nature on the mechanism by which llght energy 1ls
coupled inite the process of PhA. Thae lmportance of such
informatlon lies in the help 1t glves to ldentlfying the
substances involved and understanding thelr chemlstry., It
is of interest, therefore, to dlscuss in thils relatioh
what is known of the photoohamigtry of compounds of possible
importance in FhH.

The filrst concern 1s the iﬂ@mtificatimn of the pigment.
It 1s probably not present in free phage. Dulbecco (2%)
found no signlflcant light absorption at the wave lengths of
interest in free phage, either before or alter ultraviolel

irradiation. The actlon spectrum for PhR of Escherichla

coli, B/r, found by Kelner (28) ls so slmllar to that for
PhR of bacterlophage TZ that 1t seems safe To assume that
the chromophore 1g the same ih both cases and 1s thersefore
of purely bacterlal origin.

Kelner lnvestlgated the reglon from 365 mp to much
longér wave lengths using narrow bands isolated by means of
interference fllters from the continuous spectrum emitted
by a tungsﬁen lamp; 1solated lines from the mercury spectrum
:weve uséd for a few points. Maximum activity was found at

375 mp, with measurable activity at wave lengths as long as
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476 mp. The exact shape of the curve ls open to gome

questlon due to the fallure of the reciproclty of time and
’1ntanaity which he found. The direction of the effect was
guch as te legad to undersstimation of the activity of wave
lengthe glving low rates of reactlivation. (Thls was prob-
ably due to the lack of stabllity of the preparations

fluring long sxzposures, an effect descrived both by Kelnerv

(29) and by Novick and Szllard (30), who also worked with

PnR of Escherilchla coll, B/r.) However the position of

the maximum and the general extent of the curve are prob-
ably correct. Because of the importance of the curve to
the discussion at hand, Kelner's data are reproduced 1n
flgure 43. J

We know of thfee types of compoundsg of possiblé interest
which have an absorptlon maximum near 375 my. Pyridoxal
phosphate has a peak at about 385 my, with absorptlon ex-
tanding %o about 450 mp on the long wave length side (31).
This fits the PhR action spectrum rather well, butb thé
possible function of pyridoxal phosphate in PhR would be
eompletely unknown. The pteridines show an absorption
maximum at 365—5?5 myk. Prteroylglutamic acid has an absorp-
tlon maximum at}565 m , bul avsorptlon extending only to
about 410-420 mp (32), which 1s scarcely a long enough wave
length to agree with the PhR actlon spectrum.

The flavine seem the most likely candidates for identil-

fication as the PhR chromophore., They have an absorption
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maximum at 370-385 mp, which corresponds very well with the
FhR action speatwum, and a second equally sitrong meximum at
- 455 mp»(éa). Kelner rejects them because of the absence of
thls second maximunm in the action spectrum. Howsver, after
examining Kelner's data and repletting them (figure 43), we
belleve that there ls evldence of conslderable FhR 1in the
1@ngef wave length reglon, and that this may Indlcate that
the second flavin absorption peakx ig present but leads to
FhR wilth reduced guantum efficlency. There 1s no necessity
for supposing the quantum yleld to be the same at all wave
lengths, and even the complete absence of PhR in the longer
wave length reglon would not constltute suffliclent objectlion
to exclude the flavins. (Loufbourow (34) discusses the
agsumptlons involved in the use of actlion spectra %o ildentlify
plgments.)

Of importance in the discusslon of the possible PhR
plgment 1s the absolute rate of the light reaction step,
Which has been measured in our experiments. Thls can be
compared with the rate of light absorptlon, expresgsed 1in
quanta per plgment mclecule per second, calculated from the
1ncident_11ght intensity and the known absorption coeffl-
clent of the assumed chromophore. The comparison shows
that the light reaction proceeds with very high guantum
efficiency. apparently almost unity, and that the rate of
the reactlon can be accounted for only dy a chromorhore with

an absorptlion coefficlient comparable to that of the flavins,
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The absorption coefficlent of the flavins at the short
wave length maximum ls appreximately ﬁ = 2.4 x 1@7 em2 per
‘mole (33). (B 1s defined by the relation, I/I, = amﬁﬁﬁj
vhere ¢ = concentration 1n moles per cmﬁj d = path length
in cm.) Expressed zs a molecular cross sectlon this 1ls
(B /Ny) = (2.4 x 1079/16.0 x 10%%) = 0.4 x 107°° on® per |
moleculs.

The total incident light energy and the energy nmeasured
through the 3798 np filter were approximately 2.5 and 0.025
calories per @mﬁ per mlnute, respectively. As an estimate
based on these values, and on the ftransmission of the fillter,
the spectral distributlion of the energy indlcated by nesasurs-
ments through other filters, and the width of the aqtion
spectrum for PhR, 11 seems reasonable to assume that a total
energy edquivalent to not more than about 0.3 calorisper cm®
ver minute at the 379 mu peek 1s avallable in the light
beam. Thisg equals 4 x 1016 quanta (380 mp) per cmg per
second.,

Therefore at this light intensity there would be about
(0.4 x 10°-6) (4 x 1016) = 1.8 quanta absorbed per flavin
~molecule_§er gsecond. The observed rate of the light rsactlon
step at this intensity at 0 C was (1/0.6) = 1.7 per plgment
molecule per second. In cther words, the light intensity
is Juet sufflcient to produce the obgeprved reaction rate if

the chromophore lg & flavin and 1f the reaction proceeds

with a quantum effleclency of unlty.
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The abscrption coefficlents of the other posailble

chromophores are lower: for pyridoxal phosphate, p = 1.0
‘x 107 on® per mole, and for the pteridines, p=1.5x 107
ﬁmg.per mole, approximately, at the abgorption maxinmum.
In order %o sccount for the observed resctlon rate on the
basgle of either of these it would be necegsary to revise
the estimate of the intenslty upward considerably. This
posslbllity cannot be excluded because of the crude nature
of the Intensity measurement, but 1t seems unlikely.
Experiments with monochromatic light of accurately known
intenslty are urgently needed. An action spectrum giving
the absolute rate ofkfha PhR 1ight reaction as a function of
wave length could now be obtalned wlth conslderable accuracy,
and would probably give much more definite information on
the i1dentity of the chromophore as well as further 1nforma-
fion necesgary for understanding the nature of the light
reaction step. . |

| Xnown photochemistry involving the flavins ineludés
several examples of reactions photosensitized by riboflavin
(35) and the photochemical decomposition of riboflavin
itself,(as); but none of these appears to be of immediate
. inportance in PhR; Of interest, however, 1is the quenchilng
of the fluorescence of riboflavin and of flavin-adenine-
dinucleotide (FAD) by purines and pyrimidines, which has
been gstudied by Weber (37). Working principally with

caffeine and adenine (both purines), he concluded that a
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complex ls formed between the purlne and flavin which does
not fluorescé, although 1ts light abﬁorption ia not apprecl-
aoly different from taat of the free flavin. The mean 1life
of the complex could only be stated to be long (gresater than

10~6

second) conmpared to the mean 1l1fe of the exclted state
(1¢x 1078 gecond) of the flavin., The complex becomes more
dlssoclated asg the Temperature 1s 1ncreased; the hneat of
dissociation 1s 1.8 T 0.6 kilocalorles per mole.

The quencining of rlboflavin fluorescence can be observed
eaglly by eye without sveclal preparationsg; 1t occurs with
purlnes, wlith pyrimlidines, snd with nuclelc acid. We have
noticed that both the assoclation and dissociation reactlons
proceed at least asg fast as the mixing of solutions can be
accomplished in a test tube (room temperature). Therefore
this reactlon cannot be identified wlth the much slower
rate-liniting reactions we have found in PhR; but neilther can
it be excluded from the process, since 1%t would be completed
foo rapidly to be noticed. This 1llustrates both the ﬁsen
fulness and the limitation of the experiments we have per-
formed., It is possible that a slmilar reactlon involving
a different‘flavin compound or, particularly, pyrimidines
altered by ultwéviclet radlation may be found to have
characteristics ldentiflable with those of the ?hR reactlions.
‘However, the essential point 1s that flavins do combine with
purines, and presumably wlth pyrimidines also, and that the
disposition of light energy recelved by the flavin is
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thereby alftered in a very effective manner.

ﬁinsheimér {38) has discovered +that the alteration of
‘certaln pyﬁimiﬁiﬁﬁ conpounds by ultraviolet light 1s partial-
ly reversible under some condlitiong. This takes place with
uracll, with uridine, and wilth cytildylic scld; cytosine, but
not uracil, 1z ordinarlly found in DNA. Uracil, in solution
at pH 7, wae exposed to ultraviolet radiation (230-280 mp),
and "decomposgltion" was meagured spectrophotometrically by
the decreass 1in absorptlon at the 259 mp absorption maxlmum
of uracll. Change of the pH fo 1.0 brought about recovery
of absorption with flrst-order kinetics and a time constant
of 14 minutes at room temperature; the recovered material
appearéd to be uraeil. Light absorption at 259 my was first
reduced by the ultraviolet irradiation to 37%, then re-
covered to 74% of the original value. Similar recovery was
produced at pH 7 by ralsing the temperature to 100°Gy but
the results were less reproducible. Uridine behaved similar-
ly; but was more sensgltive to ultraviolet radiation; résults
wlth cytidyllc acid were described as preliminary. Under
the glven condltions thymine, cytosine, adenine, guanine,
adenylio_aoia,'and guanylic acld were not decomposed.
| It is poasible that partial recovery of pyrimidines
from ultraviolet radiation damage might also be produced at
neutral pH and at normal temperatures if some means other
than heat were found to supply energy to the pyrimldine, and
that thls might be accomplished by light through the mediation
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of a flavin plgment. Thils may constltute the essentlal
mechanlsm of PhR.

Thié conlecture ralses the question whether direct
repalr of the ultraviolst radlation damage ls compatible
with the kinetice of PhR. There ars almost certalnly
numerous 1independent polnts of damage produced within the
organlsm by the radlatlon. I these damages are rspalred
point by polnt, then the reactivation kihetics mast Dbe
multiple-hlt in ﬁhﬁ?ﬁﬁt@fa That 1s, since at low survivals
most individuale wlll have much more than a lethal amount
of damage, a nunber of independent asacts of repalr must occur
in moat before actlvlity 1s regalned; initially the rate of
appearance of active individuals wlll be quite low, dbut the
rate will increase rapldly durlng the course of reactivation,
leading to a large 1nflection at the beginning of the curve.
In general thls is what 1s asctually found. Bacterlophage
T2 1s an exception, however.

PhR of TZ appears to follow first-order kinetics;
Because of this it has been assumed that a single reactivat-
ing event 1s necessary to accomplish PhR, and therefore that
PhR of T2 cénnot consglst of a dlrect repalr of multiple
damages. It haé been suggested, as an explanation, that the
action of the reactlvating light 18 to by-pass some essential
step normally performed by the nuclelc acld but blocked 1in
the presence of ultraviolet radiation damage, so¢ that the

characteristics of the reactivation are independent of the



" number of damages present. _Howeverﬁ #e think 1t 18 unrea-
sonable to suppose that a single quantum-event can accomplish
& fmnctibn for whnich a very large number of unlts are ordl-
narlly essential. The kinetics of PhR of T2 are not perfect-
ly flrst order, as hasg been polnted out, and we sugzset that

they can be explained on the basls of a direct repalr mecha-
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nism, Thess nolnss will rnow be dlacussed in more destall.

There are about 500,000 nucleotide unlts in the phage
prarticle, and about 40,000 of these are go essential that
the damage of any one ls lethal (12). The ultraviolet
survival curve of T2 ls approximately exponenitial, bub has
a small initlal infleotion; therefore, at a survival of 107° -
there are an average of about 7, or more aceurately about 10
lethal hits per particle. The survival curve after maximun
PhR is very similar in shape, dbut has & reduced slope. It
indicates that advout half of the original hits can he reacti-
vated. S8ince the quantum yield is about 0.00015, an average
of 10 hits mesans that about €0,000-70,000 quanta have been
absorbed per particle, or only one nucleotide in 7-8 has
even recelved a light quantum. The lolhits mugt therefore
occur.at,10.distinotvpoints scattered more-or-less at random
through the vital material of the particle. They cannot be
thought of as successlve events occurring at oné essential
locus and causing only one trus point bf damage,

duppose now that there ls some essentlal reactlon step

in phage reproduction which is normally performed by the
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nuclelec acld of the partlicle, bud which 1s blocked 1a the
presence of ultravliolet radlation damage. In order that
‘damage o any ong of some 40,000 nucleotide subunits of the
nuclele acld can cause & lethal block 1t 1s necessary to
guppose thet every one o¢f these unlte phyelcelly engagss the
mechanism of the reactlon at some time before it ls properly
completed. TIf the reactlon i1s completed as a single 5tepvim
time, so that 1% could be by-passed 1in a single step, 1%
must Invelve slmultaneously &ll of the 40,000 nucleotides,
whilch total more than one milllon in molecular weight. It
geemg imposelble that 2 single light quantum could produce

a reaction with nighly speciflc effects extending throughout
the enormous structure that would be requlred. it would be
posslible to suppose instead that the machinery of the ¢ssen-
tlal step 1s emall and involves all of the 40,000 nucleotldes
by reacting with them one at a time in sequence., By-pass of
the blocked step could then be produced esslly by a single
quantum, but the by-pass would have to be repeated aa,éach
damaged polint is reasched. Reactivation of the particle as

a whole could not be produced by a single event.

If PhR pcours by direct repalr of multiple damages, then
ordinarily the f&te of reactivation should increase during
the early stages. Thls effect 1s found in the PhR of T2,
but 1t 1g so small that the over-all kinetlcs appear to be
almogt exactly first order, or one hit. We suggest that the

PhR of T2 can nevertheless be explainsd on the basls of a
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" dirvect repalr mechanlsm and that the simulation of first-
order kinetlcs results from inhomogenelty of the damages
‘with T@S@@Gt to eage of repalr during PhR. Reactivation
wéuld cocur rapldly at first due to recovery of the most
easily repalred damages, but would scon slow down and ap-
proach the rate characterlstic of the most slowly repslred
damages. Trnis decrease 1ln the rate of reactlvatlon countere
the increase in rate otherwise expected in multiple~hit
repalr and can, under some condltlons, lead to a close
approximation to oae-hit PhR. The necessary condltlons are
not critical. Sample calculations and results are shown 1in
the appendlzx. The approximation becomes poorer at large
ultraviolet doses, butbt experiments uneomplicated’by multié
plicity reactivation cannot then be performed. A gultable
interpretation of multiplliclty reactivatlion or of ‘the
interaction of FhR and multiplieclty reactivation 18 not
known. Circumetances thus confine all work to a narrow
range. A variatlion among the damaged polnts of the rate
of repalr during PhR might arise from actual chemlcal
differences in the nature of the damage, or from differ-
ences in thé ease with which the points enter into the dark
“reactlons cf PhR‘due only to differences of thelr poslition
within the structure of the nuclelc acid,

Recognizing 1t as pure conjecture, we suggest the
following over-all picture of PhR of bacteriophage T2. The
prineipal lethal effect of ultraviclet irradiation ig the



=58~

valteratiOﬁ bf ryrimidines of the phage DNA. Following
| adsorptlion of the phage parficls to a bacterial cell the
‘pyrimidines combine reversibly with a flavin plgment of
bﬁetari&l origin, Light snergy absorbhed by the flavin 1s
then avallable, a* least in part, tc the pyrimidine, and
this makes possible a partial recovery from the alteration
produced by the ultravielet rz2dlaticon., Associated wilth the
utilization of 1light energy are dark rsactlons, which have
been demonstrated in our experiments. There ls at present
no hasis for useful apeculation as to the nature of these
dark reactions, but knowledge of them provides the means of
making a pogltive identlfication between chemistry which
may be dlscovered in vitro and the in vivo pr@ceés of PhR;
Thie conjectural scheme is useful because 1t suggests
numerous pogslbllities for further work., It is interesting
that 1t also provides a basis for explalning varlious features
of PhR found 1in diverse organisms. Points that may be so
sxplained include the following: 1.) PhR ig of widespﬁaad
occurrence; the suggested scheme involves only components
generally present in all living things. 2.) PhR affscts
‘many typeé df manifestation of ultraviolet radlation damage
ﬂfor example, gee 39, 40, 41); this is easlly understandable
in terms of dlrect repair of one common type of damage.
3.) The effect of PhR 1s generally closely equivalent to
the reductlon of the ultraviolet dose by a constant factor

independent of the dose (29, 30). The blologlecal effects
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- of dam&gé to varlous pyrimidines of the nuclelc acid would
be expected to be simllar, so that the repair of a selected
“clags of the damages by FhR would lead to effects very
slmilar to those produced by a smaller ultraviolst dose
wlithout 2hR; the relatlve slzes of the reactivatable and
non-reactivatable classes should be independent of the dose,
gince no single point recelves more than one hit at ordlnary

doses. 4.) In the case of Streptomyces griseus the PhR

action spectrum seems %o indicate that some pigment other
than a flavin 1s used (28). We have ascribed a secondary
role to the pigment, however; 1t is possible that the
reaction between pyrimldines and flavins is not unique, and
that another pigment, if present in large amount, would
react slmilarly and serve to couple light energy into the
process of PhR. 5.) Almost no PhR is possible following
X-ray ilnactivation of phage (22). PhR has been vplctured as
a rather specific effect cccurring only with a particular
type of damage frequently produced by ultraviolet radiation;
X-rays, in comparlson, produce a wide variety of damages,
mogt of which would not be expected to recover during PhR,
If PhR.occurs by direct repalr of the damage, then 1%
leaves untouched the important question of why alterati;n
of the nucleic acid i1s léthal. What 1s the essentlal role
played by nucleic acld in reproduction? It 1s poseible,
however, that 1f ultraviolet light does prove to be rather

speclfic in 1ts effects, a more complete understanding of
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" thege effects will make 1t a useful tool in further lnvesti-

gations,
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VI, Suamary

Detalled studies have been carried cut of the kxinetlces
of photoreaetivation of vacteriophage TZr inactlvated by
ultraviolet lignt and adsorbed in buffered sallne solutlon

to mwashed cells of Escherichia coll, strain B, All results

are for single iﬁf@ction, The criterion of activity 1s the
ability to form a plaque when plated on agar by a standard
technique. The followlng experimental results are found:
1.) The initial rate of reactivation is directly pro-
portional to the llght intenslty and almost in-
dependent of the temperature. A%t high light in-
tengltles the rate decreases very rapldly, as an
exponential function of time, to a lower value
whnich thereafter remains constant. The rate of
decay of the reactivation rate le approximately
proportional to the intensity and ls almost ine
dependent of the temperature.
2,) The steady-state rate, R, which prevails after the
| transient inlitlal perlod, can be expressed as a

function of intensity, I, as

 where Rpgx 18 & maximun, or limiting rate, and B

is & congtant. Both Rmax and B are functions of
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the temperature and have been measured 1a the
rang@ Ow45ocm

During further contlnuous 11lumination the number
of gotive infective centers lncreases with tlums

wximately as the functlon {1 = e”&m), whers

& ls & constant.

1f a long dark interval 1e allowed to follow a
flash of intense light, the system complebely re-
scovers from the effects of the light, and a second
Plash produces the same amount of reactivatlon as
the first, If the length of the dark interval,

Ty, 1 varied, the progress of the dark reactlon
can he followed as a fumofiom of time.- It 1s found

to proceed as (1 = e”CtD)a

The constant C changes
wlth temperature and has been measured in The

range 0=45 C.

If the temperature ls changed immedlately after a
light flash, the amount of reactlvation obtained

is unaltersd. If the temperature is changed before
the light flash, however, time is required for dark
réactions to reach equllibrium, and the yleld of
reactivation from the flash depends on 1ts tlming
relative to the temperature change,

Experiments on the relation of photoreasctlvatlon
to adsorption show that no reactivation 1s pro-

duced by exposure to light of either the bacterlia
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or the free phage partlcles before they are mixed,
but at high bamtéwial concentrations the ability
to be reactivated develops without observable lag
from the time of mixing. It increacses approxi-
matﬁly exponentlally, with & time censtant of asbout
1 3/4 minutes at 5?°G, reaches a maximum 1n about
8 minutes, and remalns constant thersafter. The
gtep requlred to permlt photoreactivation is not
the flrst attachment of the particles to the
bacteria; it 1s probably the second, or irreversi-
ble step of adscr?tion described by Puck and Garen.
A simple theoretical model for the reasction mechanism is
discussed. The experimental results can be accounted for on
the basié of this model. I% would not be justified, howewer,
to assume that the model necessarily corresponds %o the

actual reaction mechanism of PhR.
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Table 1.

Summary of values of the constant B determined in the

experiments of figures 7-21.

The rate, R, of PhR at 1ight intensity I is given by the

function

— I
R = Rﬁ&x (Tﬁﬁ) °

B 1s given in arbitrary units of light intensity relative
to the standard intensity of 1.0.

Data from
figure number Temperature B

7 45,5 C 0.061

8 45,4 0.080

o 44,7 0.056
10 37.6 0.030
11 37.0 0.040
12 36.6 0.032
13 30.4 0.0265
14 30.1 0.0205
15 30.0 0.0186
18 29.9 0.0202
17 . 23.2 0.0160
18 22.8 0.0132
19 14,7 0.0085
20 8.2 0.0072
21 0.0 0,0038
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Table 2.

Summary of valués of the constant Hmay determined in the

experlments of Tigures 22-30.

The rate, R, of PhR at light intensity I is given by the

function

- 1
R Rnax (T;ﬁ) ’
Rpax 1s gliven in arbitrary unite relative to

wnileh ie defined as 1.0.

Rpey &% 35.6 C,

Data from
figure number Temperature Rm&x
o

22 45.7 C 1.72
23 44.7 1.48
— 36.6 1.00 (definition
24 30.0 0.82
25 26.9 0.75
26 23.2 0.46
27 14,9 0.192
28 7.8 0.06%
29 0.0 0.0183
30 0.0 0.0188
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Table 3.

Summary of values of the constant C determined in the

experiments of figures 32-38.

The increase in plaque count, 4P(%p), with increase in the
length, tp, of the dark intervals separating the light
flashes of a serles of identical flashes is given by the
function

~Ctp
AP(tp) = APG(L - e ).

(1/C) is given in units of time and is the time constant

of the increase in plaque count.

Data from
figure number| Temperature (1/C) C

32 45.0°C 22 sec 0.045 sec™
33 36.1 34 0,029

34 30.5 41 0.024

35 25.2 83 0.016

36 14.8 129 0.0078

37 7.9 280 0.0036

38 0.0 564 ¢.0018




Appendix

The approximation of first-order reactivation kinetics by

a multiple-hit mechanism.

If every phage particle which is capable of PhR were
reactivated by a single hit, or event, with the samé proba-
bility per unit time, then the increase in active particles
with time of exposure to light would be given by

) -t
AP = Apmax (1 - ) (1a)
n(l - 28 ) = -at . (1v)
szax

A plot of 1n(l - &P/APmax) ¥8. © would then give a straight
line of slope (~a) passing through the origin. PhR of phage
T2 approximately, but not exactly fulfills this condition.

If each particle receives a number of inactivafing hits
and PhR occurs by diresct point-by-point repair of these
damages, then in general the first-order kinetics indicated
by egquations (la) and (1b) will not be followed. However,
under certain conditions multiple-hit reactivation many
closely approximate first-order kinetics over a small range
of ultrsviolet doses. It is possible that the observed PhR
kinetics of T2 may arise in this way.

For slmplicity 1t will be assuﬁed that the probability

of survival per phage particle is p = ewhg where N is the
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average number of damages per particle. This is g satis-
factory approximation to the ultraviolet survival of T2,
since we are concerned only with effects at relatively
large ultraviolet doses. ILet N = m + n, where m is the

mean number of repairable damages produced per particle by

the ultraviolet irradiation.
If all the repairable hits are repaired at the same
rate during PhR, then the total number of damages remaining

after time t of exposure to light will be
N = n + me”at, (20)

and therefore

-at
A -me
(1 - ﬁ%__m) = (i o z”*‘ﬁ ) . (21)
max -

In figure 44 this functlon is plotted on a logarithmic
scale against form =1, 2, 3, 4, and 5. The value m = 4
corresponds approximately to the ultraviolet dose usually
used in ocur PhR experiments. All of the curves of figure
44 are strongly "multiple-hit" in character, i.e. show
considerable curvature near the origin, and clearly do not
agree with the experimental results in PhR.

Suppose, however, that the repairable damages‘consist
of two or more classes having different rates of repair
during light exposure. Qualitatively the result will be
that the mest quickly repaired types of damage will dls-

appear firat, leading to a decrease in the rate of PhR,
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which may under faverable circumstances offset the lncrease
in rate seen 1ln the curves of figure 44. Quantitatively the

results will be:

Moo= 0+ > me b (22)
T
(1-28 ) = (L--=¢ ) . (23)
1 - 4

In flgure 45 three curves are shown, all calculated
for a total of 4 hits: :%:mi = 4. The curves are for:

(A) all damages repaired at an equal rate; (B) two equal
classes of damages repaired at relative rates of 1:4;

(C) four equal classes of damages repaired at relative rates
of 1:2:4:8. The rapld approach of the curves to the one-
hit curve of equation (1b) 1s apparent. Also plotted in
Tigure 45 are the experimental data of Tigure 3, with the
time scale adjusted to give the same ultimate slope as the
calculated curves. The data fit curve (C) very well,
1llustrating that the observed kinetics of PhR can be ac-
counted for along the lines suggested.

The shape of the curve céiculated on the basis of any
particular assumed distribution does change somewhat with
the value of m, i.e. with the ultraviolet dose. In Tigure
46 curves are shown which were calculated for m = §§jmi = 2,

3, 4, 5, and 8 using the same distributicn as for curve (C)
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of figure 45. A critical experimental test for such changes
in the PhR curve would be difficult, however, because work
is confined to such a narrow range of conditions. The
complication of multiplicity reactivation makes experiments
impossible at survivals lower than aboutb 10"4, which corre-
sponds to about m = 5. On the other hand, at m = 2, the
plaque count at maximum PhR is only seven times the count

of survivors before PhR. At this, or at smaller ultraviolet
doses the total change is so small that 1t would be difficult
to obtain the shape of the curve with accuracy. Finally it
is to be remembered that the experimental values of

(1 - &P/&Pmax) are obtailned as the difference of two numbers,
and that the plagque counts cannot be obtained accurately
enough to make t@is difference accurate when 1t is small.
Thus only the first part of the curve can be measured satls-

factorily in any case.
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