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The Invéstigatinﬁ of Molecular Mechanisms in Fhoteodynamic
Action and Radiobiology with Nanosecond Flash
Photolysis and Pulse Radiolysis
ABSTRACT
Flash photolysis studies have shown that exposed tyrosyl or tryptophyl

_ residues of enzymes are photoionized at approximately the same quantum

efficiency as the aqu;nus amino acids. Comparisons with permanent damage

indicate that this primary process contributes to inactivation when a

photolyzed aromatic residue is essential or is lucath adjacent to a cat-

alyric, nan-chrumuparic_residue. Studies on sensitization Ey the photo-

therapeutic drug, B-methoxypsoralen (8-MOP), shu# the triplet state can

lead to singlet oxygen generation and that weak binding to pu]y[dﬂ-de

supprasses this process. B-MOP was found to be a potent sensitizer of

yeast phatuinac;ivation with negligible post-irradiation recovery. Spin-

lable E5R measurements made on yeast cells after photodynamic treatment

show that the membrane damage generated by'the‘penetrating dyé Toluidine

Blue O is more extensive than the axternal dye, Eosin ¥, In related

ionizing radiation studies, if was found that &-MOP is an annxic'fnﬂiu-

sensitizer of T7 phage, atfributed to enhancement of crosslinks; that com-

plexing of eosin to lysoryme sensitizes the enzyme to oxidizing radicals:

that the reactions of Bré' and (CNSJZ' with tryptophan generate the same

initial radical as U¥-excited photoionization.




1. Flash Photolysis of Enzymes

Flash photolysis studies on the following enzymes in aguecus solu-
tion have been carried out in this laboratory with the objective of identify-
ing the initial photochemical reactions and relating them to permanent
damage: lysozyme (Gressweiner and Usui, 1971}, tibonuclease A (Volkert znd
Grossweinef, 1973), trypsin (Kaluskar and Grossweiner, 1974), and papain
(Baugher and Grossweiner, 1975). During the course of this work new infor-
mation has become available on photoionization of aromatic amino acids,
particularly the electron quantum efficiencies and extinction coefficients of
the product radicals, which makes possible a more detailed analysis. This
report summarizes a re-investigation of these enzymes plus new work on
subtilizin Carlsberg, utilizing improved experimental and analytical techni-
ques.

The flash photolysis spectra were taken with an apparatus using a 20
usec photolysis flash provided by two xenon flash lamps operated at 225 joules
input par' lamp, The flash lamps were located along the axes of an elliptical
roflector and parallel to the 20 ¢m long, quartz irradiation cell, The cell
diameter was 1.3 ¢m with a 1 ¢m coaxial outer chamber which containsd glacial
acetic acid as a filter for A <« 250 nm. The 10 nsec spectroflash was obtained
with a capillary, xenon lamp operated at 65 joules input and focused through
the cell into a Pausch and Lomb 'medium' quart:z prism spectrograph. All
spectra were taken at 5 psec peak-to-peak time delay on 10 in., Kodak 103F
spectroscopic plates and scanned with & Baird-Atomic 5D-1 microdensitometer.
A neutral filter was phetographed on each plate to check the sensitivity
‘calibration, and a test experiment with aqueous tryptophan was run every five
expaeriments to ensure proper operation of the entires system, Each experiment

was repeated ab initio at least four times, end the transient spectra were



FIGURES 1 - 7

Xenon lamp flash photolysis spectra taken at 5 usec time delay on
Kodak Type 103-F spectroscopic plates. The component spectra are:

—H—N-—H—H— tyrosyl radieal (Tyr) , —— — —— tryptophanyl radical (Tip) ,
00000 cystyl electron adduct {-5-5-), - ....... hydrated electron
[e;q] . ———————— tryptophan triplet state (3Trp) Figs. 1,2,4,5,7

and tyrosyl triplet state (3Tyr) Figs. 3,6. The solid lines are the
sun of the contributions as fitted to the experimental spectra o .
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computed at 5 mm intervals fr&m M0 nm to 700 nm. The resolution into com-
ponent spectra wias carried out by fitting at 340 nm, 420 nm, 480 nm; 520 nm,
and 700 nm. Typically, four or five iterations were required for a satis-
factory fit where the calculated pverall absorption fell within the standard
deviatién. The aromatic amino-acid radical spectra were obtained by flash
photolysis of aqueous tyrosine and tryptophan (e.g. Figure 1 (#}). Published
re;ults were used for the hydrated electron (Fielden and Hart, 1967) and the
disulphide bond electron adduct [Adams et al,, 1967),

The new data consist of flash photelysis spectra taken of the enzymes
and corresponding mixtures of the chromophores: tryptophan (Trp), tyrosine
(Tyr), phenylalenine (Phe), cystine [Cys) and glycyl-glycine to account for
the absorption of the peptide bonds. The mixtures had the saﬁe integrated_
absorption as the enzyme for ) > 250 nm to within 5 per cent, with a 3-5 nn
red ‘shift in the 280 nm band, which does not alter the analysis of the results.
Measurements were made with air and Nzﬂ present to identify the contributions
of aromatic triplet states and hydrated electren:z. The experimental approach
can be illustrated by comsidering flash spectra obtained with aqueous Trp and
Tyr and the effects of adding Cys: The transient absorption at 510 nm and 330
nm in Figure 1} (g} obtained with Trp in air has been identified with the
neutral tryptophanyl radical Trp gensrated by electron ejection at the indole
ting N-H band fuflnwed by rapid daﬁrutunation, and the additional band near
460 nwn in N,O (Figure 1 (b)) was attributed to the tryptophan triplet state
5Trp (Santus and Grossweiner, 1972). The 5Trp band is resolved in Hz
(Figure 1 {¢))} as well #s the broad a;q absorption peaking near 720 nm.

The photoionization quantum yields at the band maxima, as measured with laser
flash photolysis, are gifen in Table I , and the reported v;lues of the Tadi-

cal extinction coefficients are summarized in Table II, The actinometry of

-~



Table 1

Electron quantum yields for agueocus amino acids

Amino Acid pH

Tryptophan

= o
L= —]

Y.
E.:.E'B

E

Tyrosine

bud -3
Lntn

2B

g

Phenylalanine

.-
[l |
=

b

0.080
0.210

0.250
0.360
0.430
0.11 (2}
0.095
0.150

0,290
ﬂ.iﬁlu

0.071 (3}

Refarence

Bent and Hayon (1975 b)
1] i

Bryant et al. {1975}
3] It

" 1l

This Work

BEnt and Ha;,:on {1975 a}
Bll:}*ant et aIJ; (1975)
This Work

Bent and Haxun {1575 c}
"

(1) erectron quantun yield at 265 mm by laser flash photalysis

2 -

3 -




Solute
Tryptophan
o 7-12

pH 7
[ p]i?

Tyrosine

pH 7
H 7

1-Methyltryptophan
7

rH 7

Cystaminel
p 7.3

Cystine
i 7.7

Table I1

Properties of Amino Acid Radicals

Radical spectra?)
Tep 510 rm 330 om
1800200 3100+300
510 nm 320 T
1750(+20%). 2800(220%)
520 nm 320 nm
1840 2860
T;r 410 nm
2600+ 500
410 mm
27504 200
1-METrp* 570 nm 340 nm
2600(+20%) 3900{+20%)
580
20002600
RSSR 410 nn
9400
415 ym
9000
RSSR 420 1m
£8800

Reference

Bryant et al. (1975)
Redpath et al. (1975)

Posner et al. (1975}

Bryant et al. (1975)

Feitelson and Hayon (1973)

"

Redpath et al. (1975)

Bryant et al. (1975)

Adams et al. (196%9a)

Hoffman and Héyan (1972)

Hoffman and Hayon (1972)

FIJ upper, absorption maxima; lower, extinction coefficient (liters/mole-cm)
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Bent and Hayon (1975a,h,c) was based on the T-T abszorption of anthracene in
cyclohexane. DBryant et al, (1975) measured electron yields relative to

Fe{CN]ﬁ4 taking te- (265 nm} = 0.52 based on Shirom and Stein (1971). The
new work has shown that the initial elactron yield from aqueous Trp is a
linear function of the laser intensity up to 15 M (per pulse), but the
electron yield from Fa(ﬂﬂjﬁg' saturates above 30 uM. The Fe(CN]64' actino-
meter was employved for Trp and Tyvr photoionization, based on inmitial alectron
yields of 1-5 pM comparable to the present xenon-lamp experiments. The
laser-flazh experiments oh agueous Trp (Bryant et al., 1975; Bazin et al.,
1975) show that the electrom and the Trp radical disappear via a first-order
process of 0.7-0.8 ysec lifetime, attributed by Bryant et al. (1975) to the
formation of a short-lived complex between the radical amd e;q in which the
back reaction competes with dissociation into the free species. Subsequently,
the radical is long-lived, while the electron continues to decay by fast,
second-order reactions. The flash spectra obtained at 5 usec delay in the
present work should provide reliable values of the Trp ylelds after the
initial recombinarion stage.

The irradiatton of Trp in the presence aof Cys (Figure 2 ) leads to
the 420 nm absorption of the disulphide electron adduct RE%R. The comparison
with Figure 1(c) shows that both a;q and 3TI';:- are diminished relative to
T;p indicating that E;q capture by Cys and reaction of 5Trp with Cys contribute
o RééR formation. The RéSR yield was about one-third lower in air accompanied
by the quenching of 3Trp and unchanged in Hzﬂ where 3Trp was not quenched.
The flash spectrum ¢f Tyr in Figure 3 shows the characteristic 410 nm and 390
nm bands of the phenoxyl-type tyrosyl radical T;r (Grossweiner et al., 1963).
The spectrim shows also e;q and bands near 285 nm and 575 nm attributed to the
tyrosine triplet state 3Ty:r by Bent and Hayon {1975a}. The addition of air

led to the quenching of 3T:,rr and E;q and no change in TyT.
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The flash spectra of lysozyme in Figure 4 show transients corresponding
to Tip at 510 nm, -5-8- at 420 nm‘and a detectable 3Trp yield at 460 om.
The small effect of air or Nzﬂ on the -5-5 absorption suggests that the
electron tramsfer from Trp residues to disulfide bridges takes place internally.
However, the data do not distinguish betweern a fast irntramelecular process
and the type of short-lived intermediate complex formation postulated for the
aqueous amino-acid systems. The amino-acid mixture corresponding to lysozyme
gave similar flash spectra with higher yields of transient products {Figure 3 ).
The dependence on air and Hzﬂ are equivalent to the enzyme. The ratio of the
T£p yield in an enzyme to the yield in the corresponding aming acid mixture
tTTrp‘ lea@s to two parameters characterizing the photolysis of Trp residues.
Since the amino-acjd mixture has essentially the same absorbance for » > 250
nm, multiplying YTrp by 0.11 the photoionization efficiency of aqueous Trp
{Table 1} gives the average photoionization efficiency of Trp residues in
the znzyme based on light absorbed erly by Trp residues {¢'Trp). {The amirc-
acid mixture acts as a secondary actinometer that corrects for light absorbed
by other chromophores.) Multiplying YTrp by the number ¢f tryptophyl residues
{“Trp] gives a quantity nyrp that can be considered as the mmber of ‘photo-
labile' Trp residues, i.e. the number of residues photoicnized at the same
quantum efficiency as aqueocus Trp, assuming that the other Trp residues in
the enzyme are not photalyzed. In the case of lysozyme &nTrp = 2,5, Ginge
inactivation quantun yields and residue destruction yields usually are re-
ported in terms of light absorbed by the entire enzyme, it is convenient to
convert E]Trp to this basis by multiplying by the fraction of light absorbed
by Trp residues (fTrp). This quantity has been calculated for each enzyme
by numerical intepration of the amino-acid absorptions, assuming that the

flash-lamp spectral distribution is constant from <50 mm to 320 nm. For
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FIGURE 7

-0 uM Subtilisin Carlsberg pH 7.0 Nitrogen
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Table ITI

Summary of flash photolysis results

1y @ (3} @ - @ M (@8 {9)

L] bl f < * -

Enzyme Bl Y Py g fTp Tp T e Phyr yr
L}'Eﬂm Slﬂ 0442 ﬁ 295 ﬂ-ﬂqlﬁ ﬂ-gu Gi'ﬂd'z - 3 -
Trypsin 4,0 0,55 § 2.2 0,060 0.68 0.041 -- 10 -
Papain 7.0 0,59 5 3.0 0.065 0.62 0.040 -- 16 --
Subtilisin

Carlsberg 7.0 1.00 1 1,0 0.1 0.14 0.013 Q.60 13 78
Ribomxlease A 5.0 -- 0 -- -- -- - Q.40 G Z.4
11.8 “ 0 -- -~ - -- 0.53 i 3.5

Col. 1 Tip yield in enzyme + Trp yield in amina acid mixture

Col, 2 mmber of Trp residues in enzyme

Col, 3 Col. 1 %Col, 2 ,

Col, 4 quantum yield of Trp formation based on Trp residue abserptiom

Col. & fractional absorption by Trp residues in enzyme

Col. 6

Col. 4 » Col. 5; quantum yield of Tip formation based on enzyme absorption

Col, 7~Col. 12 equivalent to Col, 1 - Col. § for Tyx residues
Col, 13 quantum yield of -s-s- formation based on enzyme abserption

(10) {11)

N fyy
-- 0.067
-- 0;24
- 0,35

0.042  ¢.86

0.028 0.80

~0,09 .85

(12)
iy

0. 036

0,022

~0.07

(13)

LI
0.00%5
0.005
0,007

0.000

0.000
0.000

st
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1ysdzyme ffrp = 0,90, leading to E&rp = 0.046 as the average photeoionization
efficiency of Trp residues. The initial yield of the disulfide bridge elec-
tron adduct (*-515-}h35 been estimated as 0.005 in lysozyme by comparing the
Tfp and RSSK transients on the spectral plates {Hz-sﬁturated) taking the
ratio of the extinction coefficient in Table II,

The transient spectra for trypsin and papain were reported in recent
publications (Xaluskar and Grossweiner, 1974; Baugher and Grossweiner, 1975
The measurements were repeated leading to the results in Table IIL  The only
essential difference from the earlier work was the resolution Qf 3Trp in
trypsin which was not quenched by air, in contrast to papain and lysozyme.
New transient spectra for RNase A and the amino-acid mixture are given in
Figure 6 . In contrast to the earljer wotk which reported that Tyr residues
are photoionized only in alkaline solutions {(Volkert and Grossweiner, 19?3),'
the present results show a definite yield of Tfr at pd 5.0 which is en-
hanced by 50 psr cent at pH 11.8. The broad shoulder on the short wave-length
side of the 350 nm Tfr band is attributed to the sTrr absorption. The
triplet state was quenched by air in the mixture but not in the enzyme. The
" presence of air and Nzﬂ had a negligible effect on the Tﬁr bands in Rﬂase
at pH 5.0 and pH 11.8. A low yield of the disulfide ;luctrun adduct was
resolved in the mixture but not in the enzyﬁe. The flash spectra for 40 oM
subtilisin Carlsberg at pH 7.0 in Figure 7 indicate that both frp and Tyr
residues are photolysed. The 5Trp and 3Tyr bands are resolved and were
quenched by air. The high value of TTrﬁ indicates that the single Trp residue
in the enzyme is photaoionized at about the same efficiency as aqueous Trp.

The flash photolysis results show that the photoionizations of Trp
andfor Tyr residues are impﬂrfant initial photochemical reactions. In

‘addition to the enzymes reported here, Tip and Tyr were identified in human

-,
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Tabie IV

Correlation of flash photolysis yields with residue exposure

(1 (2)
£Xp .
Enzyme nI‘rp ﬁn’i‘rp

Lysozyme ~2 {a) - 2.5
Trypsin 2.4 (b) 2.2
Papain 2.2 (c) 3.0
Subtilisin
Carlsberg 0.8 (d) 1.0
Ribomiciease A a2 (&) (f} 2.4 (&)

Coi. 1 number of exposed tr;.rptnp'hyl residues in enzyme
Col. 2 photolabile tryptophyl residues from Table III

() Imoto et al. (1972)

{b) Villanueva and Herskovits (1971)
{c) Weinryb and Steiner (1970)

{d) Markland and Smith (1971}

{e) For tyrosyl residues

{f} Herskovits and Laskowski [1968)
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serum albumin {1 Trp, 18 Tyr, 8 Cys) and bovine carbonic anhydrase (8 Trp,

7 Tyr, 0 Cys} and Tyr was observed in calf thymus histome {0 Trp, 4 TyT,

0 Cys) (Xaluskar, 1973). In every case a;q has been identifiad in the
absence of electron scavengers, and the disulphide bridge electron adduct
was resolved in each protein containing Cys except RNase A. In evnlu;ting
the role of aromatic residue photolysis on the activity it is assumed that
radical back reactions prior to 5 psec and short-lived excited states do

not influence the permanent damage. However, the possibility that such
reversible processes may lead to subtle changes in the active conformation
iz not dizcounted. Another deficiency is the absence of direct information
about the. role of the weakly absorbing rgsidues. In the present work, it is
agsumed that photolysis of an aromatic residue jmmediately adjacent to an
essential residue on the primary chain or in cloge proximity in the spatial
structure may lead to inactivating damage. Direct photolysis of disulfide
bridges is cunside;ed in enzymes where Cys absorption is significant. The
or An

caleulation of An is based on the assumption that the aromatic

Trp Tyr
residues can be divided into two groups, the 'photolabile’ residues that
photoionize at high efficiency and those which are relatively stable. This
distinction is supported by the correlation between the An's and the number
of exposed aromatic residues as determined with conventional methods {Table
I¥ ). In the case of subtilisin Carlsherg, where both Trp and Tyr are photo-
ionized, the estimate of B.8 exposed Tyr residues (Marklamd and Smith 1971)
is in good agreement also with anT?T = 8. The quenching of 3T“rp oT 3T}rr by
air in lysozyme, papain and subtilizin, but not in RNase or trypsin, may be
related to exposure also.

The flash-photolysis results have been related to the enzyme structure

and permanent damage in order to specify probable inactivation mechanisms
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for each enzyme. Supporting data on residue sensitivities have been taken
from pulse radiclytic and photodynamic studies when available. Our evalu-
ation is as follows:

Hen lysozyme. The major initlal photochemital reaction deduced from

~ the flash photolysis results is the photolonization of 2 te 3 Trp residues.
The indeﬁendence af *in of pH or the pfesence of air indicates that ejected
hydrated slectrons do not induce inactivation, in agragmaﬁt with the work
of Adams et al, (1969b} showing that e;q génerated by pulse radiolysis does
not ipnactivate lysczyme. Photochemical inactivation is'accumpanied by almost
‘cumplete lass of.lysozyme fluorescence, but with the de;tructiun of only two
Trp residues (Grussweinér and Kepka, 19?3}; This result can be explainesd b}
Fhe work of Imote et al, [1571) showing that Trp 62 and Trp 108 account for
about 90 per cent of lysozyme fluorescence, if it is assumed that the same
residues are preferentially photoionized. Since Trp 62,'Trp &5, and Trp 108
are essential, this reaction accounts also for the loss of lytic activitf.
The insensitivity of the -3-8- band to asir or Hzﬂ may be a consequence if short-
range electron transfer from Trp 63 to adjacent Cys 64-80, The flash-photo-
‘lysis mechanism is consistent with pulse radiolysislexperiments of Adams et al.
(1969b}, showing thet Trp 108 is the primary imactivating target of OH radical
attack and alse the work of Kepka and Grossweiner {1973}, showing that singlet
oxXygen, geﬁaratud by eosin sensitization, inactivate lysozyme by reacting qith-
Trp 108. Furthermore, Jori, et al. (1974) have shown that Trp 63 and Trp 108
are the sensitive targets when lysezyme inactivation is photosensitized by
proflavin.

Papain, This enzyme is unususl in that irradiation of fhe original
preparation (under NZJ leads first to activafion'and then to inactivation.
Photochemical activation has been idcnti%ied with the fermation of one

sulphhydry! group per molecule (Dose and Risi, 1972) by reduction of the mixed
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disulphide at cysteinyl site 25. The flash spectra indicate that about 3
Trp residues are photolabile. According to the X-ray structure only Trp 69
is located on the enzyme surface (Drenth et 1., 1968)}. However, the photo-
dynamic inactivation studies of Jori and Galiazzo {1971) indicate that Trp 7
and Trp 177 are partially exposed in solution and Trp 177 was shown to be
essential. The side-chain of Trp 177 is in contact with His 159 in the
active site, suggesting that photoionization of this residue is the photo-
chemjcal inactivating step. The pulse radjolysis investigation of papain by
Adams and Redpath {1974) also led to the conclusion that papain contains at
least one essential Trp residue. The parallel to the photochemical case is
apt because the reactive radical anions employed, [EHS)ZJ and Brz' oxidize
Trp to the same Trp radical as formed by photoionization (Redpath et al,,
1575).

Trypsin., The flash spectra show that 2 to 3 Trp residues are photolabile,
Trp 155 located adjacent to the key catalytic site Ser 198 is a likely UV
target. Fnlke;t and Ghiren (1972} found that the quantum yiélds of irmacti-
vation and Trp destruction are the same at 280 wm, suggesting that only one
Trp residue is es;ential. The formation of -5-5- via internal electron trans-
fer way invelve Trp 199 near Cys 179-203 or Trp 127 near Cys 13-143 in the
tertiary structure. Tyr 43 is adjacemt to Cys 31-47 on the primary chain,
but the absence af T}r in the flash spectra argues against this electron trans-
fer. Action spectra (Kaluskar and Grossweiner, 1974} indicate that light
absorbed by Cys and Tyr residues also contributes to by Thé direct photo-
1lysis of Cys 31-47 andfor its sensitized photolysis by Tyr 48 are reasonable
pathways, since essential His 4¢ is adjacent to this disulphide bridge.

Ribonuclease A, The principal aromatic chromophores are the 6 Tyr

residues, none of which are believed to be essential, The flash spectra

show that 2 or 3 Tyr residues are photolabile, which should inciude the exposed

—— — —— ———
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residues Tyr 73, Tyxr 76, and Tyr 115, The internal electron transfer from
buried Tyr 25 to Cys 26-84 might contribute to Tir formation and ¢in‘ Light
absorption by Cys is relatively high in RBNase [17.6 per cent for flash
irradiation) and direct photolysis of essential Cys 26-84 or Cys 40-95 also
should be inactivating. The small yiteld of permanent Tyr phetolysis indicates
that the efficient photoionizarion reaction leading to e;q formation is not an
inactivating process. This conclusion is supported by action spectra (Setlow
and Doyle, 1957) showing that *in is minimal at 295 nm in alkzline solutioms
where the Tyr initial yield is high.

Subtilisin Carlsberg. The production of both Tip and T&T by flash

photolysis reflects the 13 Tyr to 1 Trp composition. (Both radicals were
observed also in human serum plbumin with 18 Tyr and 1 Trp residues (Kaluskar
1973).) The rélative yields indicate that the single Trp residue at site

113 and about 8 Tyr residues are photolabile. No aromatic residue is located
near the essentlal residues Asp 32, His 64, and Ser 22] and the enzyme con-
tains no sulphur. The biochemical data do not’ reveal Trp sensitivity in
subtilisin (Markland and Smith, 1971). However, pulse radiolysis studies
(Bisby, 1975) show that Brz' reactions with His and {EHSJE' reactions with
Trp contribute to inactivation, The marked dependence of ¥y, OB OXYEED was
observed previously in hovine carbonic anhydrase by Walrant and Santus
(1574a,t), who demonstrated that the Trp photooxidation product N-formylkynurenine
photosensitizes the praduction of singlet oxypen, which in turn attacks His
residues. The role of Trp or Tyr photolysis in the anaerobic process is not
apparent. 0me possibility ig the internal attack of the ejected photoelectron
on an essential His residue, The‘nccurrenge af oxygen sensitivity in two
enzymes without disulfide bridges sugpests that the capture of ejected elec-

trons at this site competes with the production of damaging 0,  when cystine

2
is present,
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2. Laser Flash Photolysis of Tryptophan

A detailed investigation on the ultraviclet laser flash photeolysis of
tryptophan has been in progress with the objective of determining the basic
photochemistry. The role of tryptophan as a major chromophore makes it an
important target in the ultraviclet photolysis of proteins, in addition to
the relevance for aromatic photochemistry in general.

The investigation is being carried out with a 300 megawatt Holobeam,
Q-switched Md:glass laser providing a 17-nse¢ pulse. The experimental arrange-
ment for flash photelysis is shown in Figure 8, The 1060 nm beam from the
laser is deubled by a CDA crystal and then quadrupled by an ADP cxystal to
preduce a 60 mJ cutput pulse at 265 nm, The transient species are monitored
by a xenon flashlamp energized by a 200 mfd capacitor charged to 1600 volts
to provide a 300 micresecond flash. A timing circuit fires the laser during
the peak flat output of the xeron flashlamp. The transient spectra are
determined with a grating monochromater with a photomultiplier detector at
the exit slit and recorded on an oscilloscope.

As noted above, xenon flash photolyszis studies (Santus and Grossweiner,
1972} demonstratad that the primary photoproducts in the ultraviolet irradia-
ticn of tryptophan are ths hydrated electron ’;q [hmax 720 nm) , the neutral
tryptophanyl radical Tfp (lmax 520 mm}, and the triplet state of tryptophan
3Trp (lmax 460 nm). The present stwdy has as its goal the study of the kinetics
af the formation and decay of these products in a thorter time frame than
was possible in the earlier conventional xenon flash photolysis.

A detailed investigation of the quantum yields and decay kineticz of
nydrated electrons ejected from tryptophan has been carried out, The optical

density of the electrons was extrapolated to the instant of laser firing to

determine the initial yield. The results were compared to the electron




AQD {630 nm)

0.5™

0.4 =

0.3

.2 =

D.1 =

Figure 2,

A = B30 nm

?nitia; yi§1d of hydrated =lectrons as a function
intensity in ferrocyanide ien and tryptophan.

of 265-nm laser

i)

[}
O
O

QO 600 pM Fe[CH):' (aq)
@ 350 uM tryprophan (pH 6)
o O
O
O
° o
[
O
L
O
20 3 ab 50 da

LASER INTENSITY (ARBITRARY UNITS}

k2



QUANTUM YIELD

0.2

Figure 10,

Quantum yield of electron phatoejecticn from 350 uM tryptophan excited

at 265 nm, N2 saturated.

—O

10

T4




ELECTRON HALF-LIFE (nanoseconds}

1200

1000

800

600 =

A0 w—

200

Figure 10a.

Lifetime of hydrated electron from 350 uM
tryptophan after 265-nm laser excitation.

ﬁ

H———_q

10

9z




ELECTRON HALF-LIFE (hanoseconds)

2500

2000 -

p—
o
=
o
1

1000

500 o

Figure 11, Effect of initial yield on lifetime of photoelectrons

produced by 265-nm laser excitation of 350 uM
tryptophan; pH &, H2 saturated.

0 &)
o ©O o o o
e O
o B
1 | | ] 1 i |
8 10 12 14 16

INITIAL HYDRATED ELECTRON YIELD {micramolar)

O
O

g
18 20



28

ejection yield from KdFe{CH]ﬁ. based nn.the ferrucyaqide photolonization
guantun yieid of 0,52 (Shirom and Stein, 1971). A study of the laser.intensity
dependencé of the initizl electren yields was made for both tryptophzn and
ferrocyanide. It was found that the initial photoelectrons yield was linear
with laser intemsity for tryptophen but not for ferrocyanide {Figure 9],
5ince the reported photniuniﬁatinn quantum yield of 0.52 was measured at low
light intensities, quantum yiﬁld measurements in the present case weTe taken
at low laser intensities where the ferrocyanide curve is linear. The quantum
yield for electron ejectiom from tryptophan at patural pH is 0.10 ¢ 0.01, in
fairly close agreement with the value of 0.08 obtained by Bent and Hayonm
{1975) using the anthracene T-T abscrption as the standard.

The electron ejection quantum yield in tryptophan was measured 25 2
function of pH (Figure 10). The quantum yield is fairly constant at 0,10
between pH 5 and 8. There is a marked increase of quantum yield zbove pH 8,
a value of 0.17 being reached at high pH values., This increase corresponds
to the dissociation of the amino group in tryptophan (pK 9.3). There is a
decrease in ﬁuantun yield below pH 4, apparently a reflection of the protons-
tion of the carboxyl group. It is difficult to measure the hydrated electron
decay accurately at these low values of pH because of the rapid reaction of
e;q uitﬁ protons,

The decay rate of E;q it much faster than can be explained by the dis-
mutation reaction or by reaction of electrons with ground state tryptophan.
The half-1ife of the rapid inirial electron decay is shown in Figure 1(Qa as
a function of pH. The half-life increases monotonically wﬁth pH up to pH 9,
abnvé which a constant lifetime was observed, The saturatjon in the lifetime
may correspond to the ionization of the amino group of Trp. The half-life

of electron decay was also measured as a function of laser intensity (Figuré 11).
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Electron Electron

Peptide (2} Quantum Yield Half Life [nsec)
Trp-Gly 0.077 670
Gly-Trp 0.055 900
Gly-TyT *n.me. 450
Tyr-Gly 0.043 520
Gly-Tyr-Gly 0.0%1 380

(a) Natural pH

Table ¥. Electron Ejection from Small Peptides.



Surprisingly, the lifetime is not constant, and decreases monotonically with
increasing initial electron yield. The lLifetine depends only on the initial
¢lectron yield and not on the amount of ground state tryptophan present. The
results imndicate that a higher order process is involved, despite the good
exponential time dependence of the decav.

The electron ejection quantum vields were measured in several smzll
tryptophan and tyrosine-containing peptides, The results are listed in Table V.
The quantum yield for electron ejection from tyrosine (at natural pH) was
found to he 0.072 and the half-life was 500 nsec.

& detailed analysis of the decay kinetics of the transient specises in
tryptophan (e;q, T%p, 5T“rp] was carried out by simulating the observed data
by an analog computer. Laser flash photolysis transient were measured at 6340,
520, 460, and 420 nm using oxygen, air, nitrous oxide, and nitrogen as satu-
rated gases. fhe main difficulty in interpreting such decay patterns is the
iarge amount of overlap between the various species present. Various quenchers
were employed to help resolve these spectra. For example, OXYEen removes
both ETrp and e;q, leaving Tfp; nitrous oxide removes only e;q, leaving Tfp
and 5Trp. Furthermors, the species penerally decay at different rates, so
that the kinetics of two or more species can be isolated by simulating different
time regimes of the observed decay.

The radical decay rates and initial yields were evaluated with the
analog computer by assuming the phorolysis model of Bryant et al. ([1975).

This model postulates that a loose complex between Tip and @;q is formed
immediately following the laser flash. This complex can either recombine to
form the ground state of Trp, or élse the electron can escape from the radical
and equilibrate in the bulk splvent. The decay of the hydrated electron in

Trp is shown in Figure 12 with the apalog computer simalation., A ueakly



Monitoring
Wavelength
520
460
4240
6340
520
460
420
520
460
429
630
520
460
4240

(a)

Saturating
Gas
oxygen
oxXygen
OXygen

air

air

air

air
nitrous oxide
nitrous oxide
nitrous oxide

nitrogen

ritrogen

nitrogen

nitrogen

{a] natural pH

{(b) 520 nm
{¢) 460 mm
(d) 630 nm

Trp Radical

Decay

Rate
1.7 x 10° 0,032
1.7 x 10°  0.016
1.7 x lDE {0,006
1.7 x 10°  0.026
1.7 x 10°  0.010
1.7 x 10> 0.006
1.7 x 10°  0.030
1.7 x 10°  0.016
1.7 x 10°  0.006

[

1.0 x 10 0.028
1.0 x 10°  0.01¢
1.0x 10° 0,006

Initial 00%%?

(e)
(£}

Triplet State

Tate Initial 0

very fast

very fast

very fast

2.3 x 16 0.008

2.3 x 10° 0,036

2.3 x10°  0.030
8 x 18°  0.008
g x 10 0.036
g x 10t 0,030
g x 10 0,008
g x 100 0,036
g x ot 0.0%0

rate of alectron Telease
rate of back reaction

Hydrated Electron

freed Initial o'
very fast
very fast
very fast
4.5 x 0%  0.150
a.s x 10° 0,078
a5 x 10°  0.0038
4.5 x 10° 0,002
1 x10°  0.220
tx 10%  0.110
1 x10°  o0.085
1x10°  o.030

Table VI. Analog cumputér analysis of tryptophan photeionization

kinatics.
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absorbing species was present when the sample was saturated with N0 which
must be subtracted from the nitrogen-saturated decay pattern in order to obtain
the electron decay. The results indicate that rapid disappearance of the
electron takes place in the complex. At longer times, the decay departs from
purely exponential because of the temporary accumulation of slectrons that
leave the complex and enter the sclvent, The analysis indicates that the rate

of the back reaction is 1 x lﬂﬁ 5ec'l

leave the complex is 5.5 » lﬂ4 sec™L.

. whereas the rate at which the electrons

The results of the analog computer simulation are swmmarized in Table
VI. The neutral radical Tép decays slowly, and dees not react with either
exygen or mitrous oxide. The rapid decay of Trp in N,-saturated solutions is
a consequence of the rapid recombination of Trp and e;q that takes place when
e electron scavengers are prasent as postulated by the model-of Bryant et al.
{1975). The presence of electron scavengers tends to interfere with this
back‘reactiun, increasing the radical yeidl at longer times. The triplet
state is quenched rapidly by oxygen, &t a rate of 8 x 107 M gec”l.

The flash photolysis of tryptophan in 2N HCl was studied to determine the
role played by protonation in the photoionization process. Transient spectra
were taken hetwaep 30 to 650 nm at varions time dalays. Saturation with air
or nitrous oxide does not alter the observed results. A species absorbing
near 380 nm grows rapidiy and decays away. Concurrently, a species absorbing
near S80 nm grows in the same rate that the 380 nm species decays., The spectra
of these two species are shown in Figure 13. The 580 nm species has bgan
identified as the tryptophan radical cation (Trp+} by Santus and Grossweiner
(1972), and was observed in l-methyltrptophan at natural pH as well as in Trp
at acidic pH. Bryant et al. (1%75) measured the molar absorbance of the 1-MeTxp

1

radical cation as 2600 M cm'l at 580 nn. Assuming that the molar absorbance



Trp Radical Triplet State RSSR Radical Hydrated Electron
(a) '

:onituring Saturating™ Decay o (b) Decay o (c) Decay ) (d) Decay o (&)
avelength Cas Rate Initial OD Rate Initial OD Rate Initial 0D Rate Initial QD
630 nitrogen - ] - . - . 5.7 x 10° 0,200
; 520 nitrogen 1.7 x 10°  0.028 5.5 x 109 C.o0s. 7x10°  0.015 5.7 x 105 0.100
460 nitrogen x 10°  0.016 3.5 x 10 0,036 7 x 10°  0.041 5.7 x 10°  0.065
420 nitrogen 1.7 x 10°  0.006 3.5 x 10°  0.030 7 x 10°  0.060 5.7 x 10°  0.040
630 air ; - . ; ] ; 1.0 x 10°  0.180
E 520 air 1.7 x 10° . 0.027 . - 1x10°  0.008 1.0x 10 0.090
i 460 air 1.7 x 10° 0.016 - - 1 x 10° 0.022 E.0 x 107 0.045
420 air 1.7 x 10°  ©.006 - ' t x10%  o0.030 1.0 x 100 0,031
520 N.0 1.7 x 16°  p.031 3.5 x 10°  0.008 5% 10°  0.006 . -
460 N0 1.7 x 1n: 0.018 3.5 x lﬂz 0.036 5 x 1u: 0.020 - -
420 N0 1.7 x lo?  0.006 3.5 x 10 0.00  5x10 0.028 .- ]
520 o, 1.7 x 10 0.032 - . rx10% 0002 - . ]
460 o, 1.7 x_lﬂi 0.016 - - 1 x 192 0.008 - -
420 a, 1.7 x 10 0.006 - . 1x 10 0.011 - ;
(a) 360 uM trptophan + 465 pM cystine, natural pH. -
(b) 520 nm
T {c) 460 mn
- (d) 420 nm
(e} &30 nn

Table VIL. Analog computer analysis of tryptophan photoionization in
the presence of cystine.

5
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of Trp* is the same as this species, the quantum yield for T‘rp+ formation is
about 0.068 in 2N HCl. The transient absorbing at 380 nm is apparently Lhe
precursor of Trp+, since it decays at the same rate that T:rp+ grows in. We
have no information at present as to the nature of this species,

An important question involves the means by which light energy absorbed
by a chromopheric amine acid residues leads to photolysis of disulfide bridges.
To gain some insight into this process, a laser flash photelysis study was
undertaken on mixtures of tryptophan and cystine,

The cbserved transient decays were simulated with the anzlog computer
in the same way as in the case of tryptophan and the results are summarized
in Table VII. The presence of cystine does not alter the decay of Tip, indi-
cating that this radical does not react with RS5R. There is, however, a rapid
reaction between 3Trp and c¢ystine, the cystine radical anion (HSER] being
formed. There is also a rapid reacticn between e;q and RSSR which alsc pre-

5 sec'l}. The presence of oxygen

duces RSSR. The decay of RSSR is rapid (7 = 10
markedly impedes the formation of RSER, since ﬂz reacts with both e;q and 3T“rp.
However, Hzﬂ reacts only with a;q s leaving the reaction between 5Trp and
cystine unaffected. If it is assumed that all of the 3'I'r[:- reacting with cystine

under Nzﬂ saturation produce RSSR, the extinction coefficient of 3Trp can be

1 1

determined. The results are z[ETrp] = 11,000 M~ en} {460 nm), 9000 ML oem
{420 nm), and 2500 Ml el {520 nm)}. The quantum yield for 3Trp formation

is 0.02.



Enzxge

Concentration [(uM}

papain

Carbonic
anhydrase

Lysazyme
(hen)

Trypsin
(bovine)

Ribonuclease A
(bovine)

Subtilisin
Carlsberp

Subtilisin
Nova

Subtilisin
BPH"

Catalase
(beef liver)

Table VII].

47

50

56

&5

240
240

230

115

77

80

7.0

5.0

.5

3.8

3.8
5.8

11.6 (KOH)

6.3

6.4

5.8

7.1

Electron
Queantum Yield

0.042

0.024

0.013

0.025

[FL]

0.006 |

0.013

0.063

0.044

a.042

0.046

0.05%

37

Decay

Hﬁ]ﬁ'lfgﬂ ;nsec]

560
290
210

220

300

1250
400
370
360

700

Initial electron yields and electron decay lifetimes in
265 mn laser photolysis of enzymes.
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3. Laser Flash Photolysis of Proteins

Laser flash photolysis studies of enzymes have been initiated with the
chiectives of identifying the intermediate species present within 20 nsec of
irradiation and studying their subsequemt fates. The initial effort has been on
studying the hydrated electrons ejected from the aromatic residues in proteins.
A number of proteins were examined to gain some preliminary information about
the initial electron yields and lifetimes. The results are given in Table VIII.
The electron quantum yields range between 0.01 and .05 at 265 mm and the
electron lifetimes vary from 200 and 700 narcseconds.

A detailed examination of the electron decay kinetics in papain was
nade, so that & comparisen could be made between the slectrons ejected from
aromatic amino acids in solution with electron sjected from proteins. TIa papain,
the decay of the electrom sppears to be purely exponential and the rate of
decay is independent of laser intemsity. However, the decay rate is linearly
proporticnal to the papain concentration, indicating a second-order reaction
between e;q and papain. The apparent second-order rate consteant for papain is

10 ,.-1 -1 19 -1 -1

1.4 x 107" M~ sec ~, compared with the value of 4.1 x 10°° M " sec” ™ reported

" for pulse-radiolysis of papain solutions {Clement, 1974}, The rate of oxygen

reaction with electrons ejected from papain is 1 x 1029 wi sec'l, appreciably

10 43~ cec™! determined by pulse radiolysis.

smaller than the value of 2 = 10
These results suggest that the electron generated by the photeolonization of
aromatic residues in papain is less accessible to external electrom quenchers
than the hydrated electron produced in water radiclysis.

A detailed study of the decay kinetics of other species formed in the
laser photolysis of papain is underway, in order to compare the yields and

decay times with those in squeous tryptophan. In oxygen-saturated solutioms

of papain, the initial quantum yields of Tip and RSSR are 0.044 and 0.009
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respectively. The decay of T%p was very slow, whereas the decay rate of RS5R

> 1 msse appearad within the time resolution of the lager

was "2 x 107 sec”
experiment (20 nsec), and appears to be formed by a rapid internal transfer
from Trp to cystine. However, only about 20} percent of the electrons ejected
from Trp are located at cystine bridges at short times after the flash. The
other ejected electrans are either transferred elsewhere within the molecule
or are scavenged by external quenchers such as oﬁygen or other papain molecules.
Futher studies are under way on papain in aitrogen and nitrous oxide-saturated
samples, in which the triplet state of tryptophan makes an appreciablehﬁnn-
tribution to the flash photolysis spectrum.

The fluorescence yield of Trp in trypsin is markedly enhanced when
8M urea is present, reflecting the extansive unfolding of the molecule making
tryptophan molecules buried in the interior more accessible to the solvent
(Burstein et al., 19;3). A study of the lager flash photolysis of denatured
trypsin in 8M urea was undertaken to determine the affect on the electron
photoejection quantum yield. It was found that the electron quantum yield for
tryptophan in 84 urea was (0,12, only slightly higher than in aqueous solution,
However, the guantum yield for electron photoejection in trypsin was nearly
doubied when 8M urea was added. The enhanced quantum yield in 8M urea parallels

the increased fluorescence yield, indicating that phntnionizaiinn of tryptophan

in proteins is closely related to solvent accessihility.




A(nm)

Figure 14. Flash photelysis spectra frem 74- pM B-Methoxypsoralen in glycerole, nitrogen-saturated,
% » 305 om,
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4 . Photodynamic Sensitization by 8-Methoxypsoralem via the Singlet
Oxygen Mechanism

There is ample evidence that biological sensitization by furocoumarins
does not Tequire oxygen (e#.g. Musajo and Rhodighiere, 1972}, It is not knowm
how furocowumarins differ from the many synthetic dyes and natural pigments
that act as photodynamic sensitizers via the type 11 (dye-oxygen} mechanism.
We have found that B-MOF is a good photodynamic sensitizer in agueous solu-
tion, and that singlet oxvgen {102) generated by triplet energy transfer is
the principal reactive intermediate in the inactivation of lysozyme and oxi-
dation of aqueous iodide ion. Evidence that the binding of 8«MOP to double
stranded poly(dA-dT) inhibits its zbility to sans%tize via this mechanism
has been cbtained.

The triplet state of 8-MOP was identified by flash photolysis in
aqueous and glycerpl solutions. Figure 14 shows the transient absorption
generated by irradisting 74 uM 8-MOP in glycercl through a 0.1% potassiwum
hydrogen phthalate filter (% » 305 nm). The decay can be analyzed into two,
first-order stapges of 200 us and 35 ms lifetimes where the leonger-lived
species is sttributed to a secondg;y product., Similar transient bands at
600, 480 and <360 nm were obtained in water but the lifetime was consider-
ably shorter, The quadrupled Nd-glass laser providing 17 ns pulses at @65 mm
was empleyed to measure the decay lifetimes of 1.8 us in deaerated soluticns
and 0.4 pys under oxygen saturation. The decreased decay lifetime in oxygen
corresponds to a quenching rate constant of approximately 1 x lﬂg t/mol-s,
typical of triplet states.

The possibility that the transient absorption is a relatively long-
lived, excited singlet state was eliminated by measuring the fluorescence
lifétime. Adr-saturated solutions of 65 uM 8-MOP were excited with a

repetitive, 3 ns flash lamp (Photochemical Research Associates Model 514}
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Figure 15. Photedynamic inmctivation of 20 uM lysczyme semsitized
by 29 uM 8-Methoxypsoralen ; A » 305 nm , no buffer,
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through a filter transmitting from 240 nm to 380 nm and the Iuminescence
pulses were detected with a 1P28 photomultiplier and integrated with 2 PAR
Mode] 162 Boxcar Averager. Fluorescence decay lifetimes of 1.9 ng in
water and 2.5 ns in glycercl were calculated using a 'least squares' de-
convolution analysis om a FDP-11/45 Computer.

The ability of B8-MOP t¢ act as a photodynumic sengitizer of lysczyme
inactivation is shown in Figure 15, The solutions were irradiated with a
200-W h.p. Hg-Xe arc at 18°C (A > 305 nm) and the resultant enzymic activity

assayed with Micrococcus lysodeikticus. The enhanced rate of inzctivation

in D,0 solvent compared with H,0 was observed previocusly with acridine

orange (Schmidt and Rosenkranz, 18972) and eosin (Kepka amd Grossweiner, 1973]
as sensitizers and attributed to the corrresponding increase in the lﬂz de-
cay lifetime from 2 us to 20 us (Merkel et al., 1972)., The dependence of .
the relative inactivation rate on lysozyme concentration was analyzed by as-
suming that scavenging of lﬂz competes with the selvent-induced decay accord-

ing to

K1) -
®in = % T/ IL[L] (1

where ¢1n and ¢a are the inactivation and 1D2 production quantum yields,

respectively, ki a&nd kL are the inactivation and total quenching rate con-
stants, respectively, and t iz the lﬂ2 decay lifetime. The 'double

reciprocalt plot of (1) for a series of runs with oxygen-saturated, 20 pM

8-MOP sgolutions in Dzﬂ leads to kLT = 2.5 x lﬂ4 2/mel and kL = 1.3 x 109
L/mol-s. This result is in satisfactory apresment with kL = 1.9 x 1Dg re-

ported by Kepka and Grossweiner (1873) for lysozyme sensitization by eosin

snd 1.5 » Iﬂg obtained by Matheson et al. (1975) where 10 was generated

2
directly by a Nd-YAG laser. The 'Dzﬂ test' was employed 8lso to show that




Sensitizer

g-methoxypsoralen (29 uM)

8-methoxypseralen (5 uM)

(a)
(>
(c)
(d}

L)

L)

Epsin (3 uM)

Substrate

20 uM Lysozyme
]

0.1M I
L]
[ 1]
"

-n

0.IM I

L

Conditions

Mz, HzO .

0,, H,0
0;, Dy0

Nz, D20
Air, Rz0
Air, D20
Air, Dy0
Air, Dy0

Nz, D20

Air, Hz9
Air, H0
Air, D-0
Air, do0

Lysn;yme_assayed with Micrococcus lysodeikyjcus

I3” formation measured at 352 nm and corrected for 8-MOP

"thymine Equivalent

p(dA-dT)
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Relative
Sensitivity

0
75

30

30

uM {<}
WM (c)

W (e)

uM (<)

0.9 (a}
1.0
4.6

~0,0 . (b)
1.0
3.7
2,5
1.7

~0,0
1.0
0.9,
1.74
1.6g

Thea quantum yield for photosensitized inactivation of 20 uM lysczyme in the

presence of 20 uM S-MDF (pH ~7) is 0,003 in air-sat Hy0 and 0.0165 in air-sat D,0,

Tabie IX. Photodynamic activity of &-methoxypsoralen.
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E-MOF sensitizes the photcoxidation of I to I; (Takle IX), Previous work

of Xepka and Grossweiner (1973) demonstrated that lﬂ is the major oxidi-

2
zing agent of 1° with eosin sensitizatiom, .in further support of the type
11 photedynamic activity of 8-MOP. '

The effect of binding cn the sensitizing ability of 8-MOP was shown
by adding double-stranded poly(dA~dT) to the sensitizer-substrate system.
[This test was limited to I~ pﬁntnnxidatinn because of complexing between
lysozyme and poly{dA-dT}]. The results in Table IX show that poly(dA-dT)
does not alter significantly the ability of eosin to sensitize I~ oxidation

2
poly (dA-dT) diminishes the sensitizing efficiency of 5 uM 5-MOP by more than

in H.O or Dzﬂ solutions. However, the presence of 75 pyM thymine egquivalent
-

a factor of 2 in Bzﬂ. The negative result with eosin rules out the pos-
sibility of lﬂz quenching by poly{dA-dT} under the equivalent reaction com-
ditioms, suggesting that B-MOP binding to poly{dA-dT} inhibits the type 11
pathway.

It ﬁoes not necessatily follow that the competing type I (dye-substrate)
- pathway involves the triplet state. Bevilacqua and Bordin (1973) concluded
that the triplet state of psoralen reacts with free pyrimidinﬂ.bases from
the quenching esffects of oxygen and paramagnetiﬁ salts on the rate of photo-
adduct formation. However, dark binding probably was much weaker compared
to the polynucleotides and, in fact, the extent of paramagnetic quenching
diminished at high base-to-psoralen molar ratios indicative of excited-singlet
sensitization. The present results suggest that additional studies should
be made on the molecular structures and irradiation cenditions that suppress
lﬂé formation in commection with clinical applications of furncounarinﬁ, in

view of the high potential for cell denage by this diffusive reactive inter-

" medjate, ) .
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5. Photodynamic and Photosensitized Inactivation of Yeast

The bkiological effects of phetodynamic action are being investipgated
in yeast cells with emphasis on damage to cel] membranes in vive, Yeast
provides a particularly advantageous system for these studies since the
organism multiplies rapidly and can be cultured on relatively simple media.
The osmotic stability provided by the cell wall allows yeast to be sus-
pended in watex rather than a nuirient medivm for irradiation, so that ne
inadvertent potential sensitizers are present, In addition, yeast is a
eukaryotic micro-organism, s¢ that the results may provide the basis for
understanding of photeirradiation damage in highar eukaryotes,

Eosin-sensitized Photodynamic Inactivation of Yeast

Previous measurements have shown that the dye, eosin ¥, sensitizes
yeast inactivation without producing toxic effects in the absence of light
{see Progress Report 7/1/74 - 6/30/75). In additien, we demonstrated pre-
viously that washing yeast with distilled water fullnwinj incubation in
aqueous eosin Y prevents subsequent photodynamic damage, as assayed by sur-
vival measurements and post-irradiation doubling-time determinations, These
data indicate that the cobserved inactivation was caused by light only and
that the eosin either remains outside the cell or is weakly bound (Tseng and
Cohn, 1976).

Figure 16 presents typical survival curves obtained by irradiating strain
Y55 diplaid yeast with visible light (1 > 400) in the presence of oxygen and
eosin Y. The cells were washed twice with distilled water and were re-suspended
in sterile aqueous eosin for irradiation. Parallel measurements for irradi-
ation of mitrogen-saturatad yeast suspensions in the presence of eosin show
a marked reduction in the degree of cell inactivation. The survival curve

parameters are summarizéd in Table X. These results show that inactivation
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Eosin Concentration  Temperature

_ (kM) °c}
5 27

5 30

10 30

2 30

10 30

Saturating Gas

{a}linear region: erg!cmz from 40C rm to 550 nm

(a)
Dy a

3.45 x 1050

4.55 x 10°

1.91 x 10°

2.41 x 10°

3.56 x 10°

Relative -

Sensitivity
0.055
0.422
1.0
0,258

0.537

- Tabel X. Log-survival vs dose parameters for yeast

inactivetion photosensitized by eosin.
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Extrapelation
Number

4.2

162

Table X



is caused primarily by eosin-zensitized photodynamic attack, although some
degree of anoxic semsitization may be involved. 1In view of the previous
resultsrsuggesting that eos5in Y is extracellular seasitizer, the plasma
nenbrane must be considered as a possible prinary'target for the damaging
agents generated by eosin Y.

Epsin Y is bleached to a mom-absorbing species during lipht irradiation
(Imamura, 1956; Usui et ;1,, 1965) and the consequent Teduction of avail-
able sensitizer molecules must aff&ct the observed Tates of inactivation,
Measurements of the rate of eosin bleaching were made for squeous solutions
of the dye in order to correct the observed survival curves, The following
expression has been derived for the survival curve which would be obtained

in the absence of bleaching {Tseng and Cohn, 1976):

ke ﬂﬂze[ﬂ?{t}fmﬂﬂ]

-kt
e T -1

8(t) = exp - t (2
‘where Re iz the uhsgrved dye bleaching rate céns;ant, H#[t]fﬂo is tﬂ;
measured survival fraction after t seconds of light exposure, m is the
extrapolation number and 5(t] is the corrected survival fraction. The data
of Fig. 16 corrected in this nanner are plotted in Fig.17, and survival
gurve parsmeters measured from these curves are listed in TableXI. A com-
parison of these results with Fig. 16 and Table X shows that the sctual photo-
dynamic inactivation of yeast is much more effective than the uncorrected
résults would indicate and there is a.significant shouldar at low doses,
These calculations assume only that eosin does: not interact with the cells
to any significant degree in the dark and that eosin added to yeast absarbs

light as it would in distilled water,
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Photoinactivation of Yeasr Sensitized by B-Héthoxgpsoralen

The drug 8-methoxypsoralen (8-MOP) is an anoxic photosensitizer of cell
killing which acts by forming photoadducts with DAN (Musajo and Rodighiero,
1972), B8-MOP has been shown to be an active sensitizer for irradiation hy

U¥-A light in the bacteria Sarcina lutea (Mathews, 1963), Staphylococcus

aureus and Escherichea coli (0ginsky et al., 1959) and Bacillus subtilis

(Song et al., 1975) as well as in mammalian cells (Epstein and Fukuyama, 1973),
Motivated by the current interest in 8-MOP for use in the phototherapy of
psuriasis, we have undertaken an investigation of the cellulae inactivation
processes sensitized by §-MOP in the Y55 yeast strain,

Yeast were grown to mid-logarythmic phaxé in standard YNBD 0.5 liquid
medium (6.8g Difco Yeast Nitrogen Base + Eﬂ'daxtruse perliter), washed twice
in sterile distilled water and resuspended in a stérile aqueous solution of
B~MOP. After incuﬁatiun fur.2ﬂ minut&s; the cells were irradiated with UV.a
(A > 310 nm) in the incubating medium in the presence of either oxygen or
nitrogen, and aliqﬁnts were withdrawn for serial dilution and plating. The
resunlting survival curves plotted in Figure 18 demonstrate that 8-MOP is an
extremsly potent sensitizer of yeast phutoinactivation. At higher doses the
exponentially decrﬂasiﬁg regions of the 5urviv£1 curves were approximately
parallel but the shoulder observed at low doses was lengthenad in the case of
sxygen Saturation. No killing was observed indicaring that the results of
Figure 18 are not caused by an endogenous anoxic photnsensitizarh Yeast
plated on nutrient agar mediun containing vp to 60 uM 8-MOP showed no reduction
in coleny-forming ability, indicating that the sensitizer itself is not toxic.

Diluted cell suspensions were held st room temperature in the dark for
five days following postirradiation plating in order to assay for possible

dark recovery. Since the onset of exponential killing requires larger doses
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under oxygen saturation than under nitrogen saturation, it is possible that
repair precesses in the feormer case lncrease the cells' apparent radiation
registance. The data of Figure 19 show that no significant dark recovery
occurs, sugpesting that the extended shoulder for irradiation in the presence
of oxygen may be from the oxygen-dependent inhibition of the primary phutﬂ—'
chemical lesion.

In analegy with the eosin ¥ measurements, yeast were incubated for 20
minutes in 20 pM B-MOP and were then washed prior to UV-A irradiation. Sur-
vival curves measured from the resulting colony counts revealed nuch less
killing than was cbserved in Figure I8, and again no dark recovery was detected.
These results indicate that little 8-MOP was strongly bound te the cells,
Sensitization must be caused either by extracellular 8-MOP or by B-MOP which
is highly teversibly bound.

Spin Lzbel Studies of Membrane Photodynamic Damage

Photodynamic action has been demonstrated both in naturally-cccurring
biclogical membranes (Lamcla et al., 1973} and in model membrane systems
(Anderson and Krinsky, 1973; Anderson et al,, 1974)., Membrane transport in
E. coli has been shown to be subject to photodymamic inactivation (Barran
et al., 1574) as has been calcium ion uptake and ATPase activity of sarce-
plasmic reticulum vesicles (¥ondo and ¥esai, 1974)., Spin label ESR studies
have been undertgken in order to examine the gffects of membrane photodynamic
damage in yeast and to determine how membrane damage iz correlated with cell
survival.

Membrane spin label spectroscopy relies on the characteristic orienta-
tion dependence of the nitroxide ESR spectrum (Keith et al., 1974}, The
labeled molecules consist of a nitreaxide-containing ring structure covalently

bound to a membrane-soluble molecule such as hydrocarbor or a fatty acid.
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Figyre 20. ESR spectra of IZHSM in unirradiated diploid yeast before treatment with toluidine blue 0.
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Figure 21. ESR spectra of yeast photedynamically irradiated in the presence of 20 uM
toluidine blue O for 72 minutes and labeled with IZHSM.
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Because of the hyperfine interaction of the unpaired electron with the spin-1
nitregen nucleus in the nitroxide group, the observed ESR signal of labels

in dilute scolution consists of three absorption lines, The splitting between
lines and the position of the ﬁidline depend on the orientation of the label
melecule with respect to the D.C. magnetic field of the spectrometer (Carrington
and McLachlan, 1967), and changing this orientation alters tﬁe spectrum dram-
atically (Libertini and Griffith, 1970; Snipes et al., 1974), I[If the change

in prientation results from sufficiently rapid molecular tumbling of the

pruhé {tc < lﬂ-g 52c), so that more than one distinct orientation is assumed
during an excited spin state lifetime, the directicnal dependence can be partly
or tatally averaged (Williams et al., 1971}, Measurements of the heights and
widths of the peaks can then be employved to compute the rotational correla-
tion time of the spin label (see previous progress report)s For sufficiently
rapid tumbling {Tc < Iﬂ+11 sec) the averaging is complete and the lines have
identical heights and widths (Snipes and Keith, 1970).

The degree of order in biclegical membranes has been shown to depend on
the temperature with order-diserder phase transjitions detected at charac-
teristic temperatures (Tourtellette, 1972). ESR spectra reflect this transi-
tion as a discontinuity or a cusp in the temperature dependence {(Arrhenius
plot} of the tumbling time and related ESR spectral parameters (Raison et al,,
19?1; Hehlhu?n and Keith, 1972). An increase in order results in increased
hindrance t¢ spin label motion which impedes motional averaging and thus
affects relative line heights and widths (Eletr st al., 1%74}. The temperature
dependence uf spin label motion can thus be used to characterize membrane
properties and t¢ investigate alterations of these preperties.

YSS yeast were prepared and photodyndmically irradiated in the presence

of eosin Y as described earlier. The cells were then centrifuged out of the
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irradiated suspension and the fatty acid spin label 12 WS o Was added ta the
pellet. labeled yeast were then drawn into & micro-pipet which was sealed
for ESR analysis. Adding the label to the cells in this manner favors
intercalation nf.the probe molecules inﬁn the plasma membrane, since this is
the first nonpalar region which the hydrophebic spin labels encounter when
they approach the cells. Photochemical damage to the labels was prevented by
labeling the cells after irradiation. ESR spectra were recorded in the range
0°C- 40°C for the irradiated cells and-for 2 control culture which was
neither strained nor irradiated. The label 12 NS . 15 expected to localize
with the alkyl chain with the attached oxazolidine ring extending into the
‘nanpolar membrane interior. Figures 20 and 21 present the tempia_rature series
for control and irradiated culturgs, respactively, as labeled with 12 HSmE.
These spectra indicata that spin label motion in the hydrncarbun interior
" of the mgmhrane is éignificantly hindered following irradiatieon under pﬁhto-
dynmamic conditions. When these experiments were performed with the label
ZN1%, the spectra indicated that the pocling of spin labelsliﬂtﬁ local im~
purity regions (see previqus progress report) observed in unirradiated cells
may be substantially decreased, These results suggest that photodynamic
action sensitized by eosin Y increases the figidity of the membrane interior
to some degree while the outer regions experience a "loosening" effect.

Since epsim Y can sensitize membrane alterations even though this
sensitizer appears not to be bpund to the cells, it may be expected that a
sensitizer which does bind might have more striking effects, Optical absorp-
tion spectrs of yeast stained with 20 uM tpluidine blue 0 in aqueous soclution
indicate that this dye does interact with yeast., It has previously been
shown that toluidine blue sensitizes the photodynamic disruption of the mem-

brane associated electron transport chain in $arcina lutea (Prebble and Huda,




Figure 22. ESR spectra of 12NS_ in unirradiated dipluid'yeast before treatment
with eosin ¥,
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Figure 23. ESR spectrs of yeast photodynamically irradiated in the presence of
25 uM eosin Y for 2 hours and labeled with 12KS_ .,
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1973) a5 well as the photedynamic disintegration of phospholipid vesicles
{Andersen and Krinsky, 1973). Yeast irradiated in the presence of 20 uM
teluidine blue and oxygen were labeled with 12 Hsme for ESR analysis and
aligquots of the same suﬁpensiun were plated following irradiation te test
for survival. The spectra of Figures 22 and 23 indicate that the spin 1abel_
molecules experience increased hindrance to rotational moetion following
irradiation, again indicating a significant alteration in membrane proper-
ties., The fraction of c¢ells surviving one hour of irradiation in this
expeTiment was at least 100 times smaller than for the same period of eosin-

sensitized photedynamic irradiation.
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&. Related Pulse Radiolysis Studies

Pulse radiolysis and related ionizing radiation studies have been car-
ried out at Michael Reese Medical Centar,'in callaboration with the research
group in the Department of Medical Physics, on problems closely connected
with the photochemical work of this program. In particular, we have ex-
plored the ability of B-methoxypsoralen to act as an anoxic radiosensitizer
of T? bacteriophage, the effect of eosin binding to lysozyme on the inactiva-
tion of this énzyme by 30 MeV¥ electrons, and the relatiunshiﬁ between the
initial oxidation products fomed by reactions of anion radicails with trypto-
phan and the corresponding UV photooxidation products. These studies have
been carried out jointly by the ﬁambers of theé Biophysics Laboratory at IIT
and the following staff members of Michael Reese Medical Center: I, J.
Ovadia (Director, Department of Medical Physics and Adjunct Professor of
Physics, IIT), Dr. A. G. Kepka (Hedical-Physicist and Adjunct Assistant Pro-
fessor of Physics, IIT), Dr. J. L. Redpath {Attending Physician), Dr. R. Santus
(Research Associate), and Dr. L. Patterson {Reseﬁrch Acsociate). The IIT
graduate students participating in these projects were Mr. D. Becker and Mr,
F. T. Tien. A brief summpary of the research results follows.

Radiosensitization of T7 Bacteriophage by B-Methoxypsoralen

The psoralens are in vivo DNA photosensitizers when irfadiated from
320 nm to about 380 nm. Active derivatives such as B-methoxypsoralen (B-MOP)
complex wifh DNA in the dark and form stable photo-adducts on irradjation;
e.g. the review of Musajo and Rodipghiera (1972). Musajo et al. {1970) found
that 5,8-dihydropsoralen sensitizes the inhibiting effect of ﬁﬂﬂn Y-rays
on the transmissibility of Ehrlich ascites-tumor cells. Altheugh the role of
oxygen was not determined, the DNA photosensitizing properties do not require

oxygen, which suggests that psoralens might act similarly for ionizing
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radiation. The present work was carried out with T7 phage as the test
system, where the distinction between direct action and indirect action can
be evaluated by introducing radical scavengers in the medium, The irradiation
source was a LINAC providing 1 usec pulses of 35 MeV electrons. The phage
purification and handling procedures of Redpath and Dewey (1974} were used,
and the activity assaf‘was made by plating on E. celi B/r. No toxicity to
the phage was observed at the 8-MOP concentrations used, and the addition
of phage to irradiated medium containing 8-MOP resulted in no inactivation.
The data in Figure 24 show that 3-MOP sensitizes the inactivation of
T7 phage irradiated in nitrogen-saturated nutrient medium but has no effect
in oxygenated solutions., This resuwlt is in marked contrast to the anoxic
radicsensitizer of bacterial and mammalian cells, para-nitrcacetophenongs (PHAP),
which nimics oxygen by protecting T7 phage in anaerobic medium and has no
sensitizing effect in oxygen {Adams et al., 1971). The G values in the Table XIIL,
in terms of phage particles ihactivated per 100 eV absarbed by DNA, are
based on the DNA melecular weight or 25 x 106 daltons (Blak and Lowman, 1973).
The protection o¢f T? phage by oxygen in nutrient nedium haé been observed
by ather werkers (e.g. the data summary in Dewey 1972). The protection by
the sulphydryl reagent, dithiothreitel {DTT), under nitrogen alss is con-
sistent with other work (Freifelder, 1965; Van der Schans and Blok, 1970),
but the ability cof B-MOP to sensitize in oxygenated medium containing DTT is
surprising. In dilute buffer, the presence of 8-MOP protects T7 phage rela-
tive to 'blank’ runs with cxygen or nitrogen saturation (Figure 25). However,
the extent of protection is smaller in nitru&en. indicative of anoxic sensi-
tization of DNA lesziens in competition with radical scavenging by B-MOP.
Blok and Loman (1673) compared yields of single-strand breaks [GESJ and

double-strand breaks {ﬂds} in T7 phage with inactivation yields (G, ) and
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pointed out that the increase in G _ from 1.2 ia N, to 1.6 in dz and the
increase in Gds from 0.04 in H2 to 0.11 in 02 indicares that oxygen must
protect the phage by inhibiting another lesion, They propose that this other
lesion is ¢ross-links hetween different parts of a DNA molecule or batween
DNA and protein and suggest that the actual yield of cross-links may-be con-
siderably higher than previous estimates of about 0.03, because of the
difficulty in detecting them. The photochemical studies show that psoralens
form DNA cross-links when irradiated in vitre (Dall'Acqua et al., 1970; Dall’
Acqua, et al,, 1971), suggesting that the presence of 8-MOP promotes this
type of lesion. A rough estimate of the yields can be made by applying

data previously reported foar the ratio of strand breaks to inactivation to

our inactivation yields. It is assumed that Gin can be expressed as

Gin = GeeMes * GyoMge * Gﬁ"p . (3)

where the n's are the probability that the lesion leads to inactivation and

p refers to cross-links and lesions other than strand breaks. Three simultan-
equs equations for Gin measured in N, ﬁz and Hz_with B-MOP present can be
solved by assuming: (a) a double-strand break is always lethal [nds = 1};

() B-MOP does not alter G55 or Gds in "2; (e) G_n_ is negligibel in oxygenated

PP
solutions with or without 3-MOP. The Gin data in the table and the reported

values of Van der Schans and Blek {1970): fGin = S(NEJ,E{GZJ; Gdsfﬁin-'

Gss
ﬂ.lﬂ{ﬂz}, G.SS{UZ] lead to Mo = 0.13 and GPHP[B-HUP]prnP = 4. The model
predicts that double-strand breaks are about seven times more lethal than
single-strand breaks and that the addition of 8-MOP enhances the formation of
lesions catergorized as 'cross-links' by a factor of 4, The inhibition of

cross-links by oxypen-is consistent with earlier work with dry ONA (Hagen and

Nellstein, 1965). However, the absence of B-MOF sensitization in oxygen
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supports the assumption that the product of the yield GP and lethality r|P
can be neglected, In summary, it is proposed that the principal lesions in
T? phage are single-strand breaks preduced in high yield with low lethality,
double-strand breaks produced in low vield with high lethality, and cross-
links accounting for about 50 per cent of ipactivation in the absence of
oxygen or exogeneous sulphydryl. The anoxic sensitizing action of B-MOP is
attributed to the promotion of cross-link-type lesioens.

Radigsensitization of Lysoiyme by Dye Binding

The radiosensitization of biomclecules is generally discussed in terms
of two processes: conversion of the primary radical: to more damaging or
selective species such as radical anions, or secondary reactions of the sensi-
tizer at the primary damage site of the substrate. However, neither provides
for the cuupi;xing of the sensitizer and its possible effect on the damage
pathway. Here we report preliminary results demonstrating that the com-
plexing of eosin to lysozyme enhances the sensitivity of the enzyme to the in-
activating attack of OH- and (CHS]E' without significantly infreasing the
overall Teactivity towards these radicals. Lysezyme provides a useful system,
because 90 per cent of the inmctivatjon at intermediate pH can be attributed
to OH+ {Aldrich gnd Cpndall, 1958] . The entyme is protectad by t-butancl but
not by thiocyanste, because of the selective attack of [CHS]E' on tryptophyl
Tesidues, (Adams et sl., 1969). Eosin forms a 1:1, non-inhibitory complex
with lysozyme (Kepka and Grossweiner, 1973), The concentrations of free eosin,
free lysozyme, and the complexed protein in the solutions used were calculated
from equilibrium binding constants determined with the spectrophotometric
method {Kepka and Grossweiner, 1973; Baugher et al., 1974). The irradiations

were performed om Worthington hen egg-white lysozyme and chromatographically-

purified eosin in 2 mM, pH 7.0 phosphate buffer, using 25 MeV electrons from
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a linear accelerator at 2.5 krads/min. Lysozyme activity was determined with

the Worthington Assay Kit based on the Micrococcus lysodeikticus substrate,

The analysis of inactivation G values was carried ocut with a PDP-8/e digital
computer, using a 1east-5qunra§ ProgTam bﬁsed on 'steepest descent' to obtain
the best fit of the data to equation .

The experimental points in Figure 26 show the effect of adding eosin
te 7uM lysozyme, for irradiations in Nzu-saturated selutions with and without
10 mM KCHRS. The overall decrease in Gi with increasing eﬁsin concentration
does not imply that the dye is protective when complexed with lysoryme because
of the high preponderance of free epsin. The results were analyzed uitﬁ the

assumed linear relationship:

KL[lys] * ké[cbmplex]
G, = 5.4 )

i i kL[l:,rs] + kE[msin] * kc[cunplex]

where.kL, kE’ and kc afe the total rate constants for reaction of OH- (or
[ENS]Z'] with free lysnéyme, frge egsin, and the complex, and kL and ké ars
the corresponding rate-constants for inactivation of the enzyme. The unknown
constants. to be evaluated were reduced from five to three by carrying out
comparable irradiations in the presence of 0.1 M NaCl, where Eusiﬁ binding
to lysozyme is negligible. Im this case k. = ké = (0, leading to the best-fit
values kLIkL = .28 and kEIkL = Q.28 for OH+. attack; k;ka = 0.44 and kEka =
1.7 for (EHS}E-. These results indicate that lysczyme inactivation by [ENEJE'
it about 50 per cent more efficient than by OH: and that free eosin competes
with lysozyme for [CNS]E' more effectively than it does for OH+ by an order
of magnitude.

The relative Tate-constsnts in equation (4 ) were zcaled by starting the

10 g

computer fitting at %X(OH- + L¥3) = 4,2 x 10" and k[[CHS}z_ + LYS) = 6.6 » 10
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(all H'l sec'l}, as reported by Adams et al. (1969}, and allowing these values

to vary as required to minimize the deviations. The best fit obtains with:

1.39[lys] + 2.36[complex]

G (N0} = 5.4 T33[Tys] + 1.36[eosin] + 4.89[complex] (3)
- . _ 2.57[lys] + 4.08[complex]
Gy (N,D,CNS ) = 5.4 53 Tys] + 10.04[eosin] + 6.55complex] (6)

The plots of 5 and & in the figure fit the data with 10 per cent standard
deviation,

The analysis shows that the total reactivity of OH+ and [ENS]E' with
the dye-protein complex is about the same as with free lysozyme, Howaver, the
inactivating efficiency of each radical is higher by 60-70 per cent, which is
indicative of sensitization induced by the dye. Although the absolute scale
of the rate-constants is undetermined in 5 and 6 , the comparison with the

Lo B

earlier lysozyme pulse-radiolysis results suggests that they are 107" and 10,

respectively. On this basis, kE = 1,36 % lﬂln

Lo

is in good agreement with
k(OH+ + epsin} = (1.4 £ 0.4} » 107" reported by Chrysochoos (1967). Furthermore,
k; =1.39 x 1010 in  and ki = 2 87 x 1-1]8 in would be close to k(OH. =+
tryptophan} = {1.2 + 0.2) x lﬂlu {Dorfman and Adams, 1973} and k[[EHS]z' *
tryptophan) = 3 x 1':)B {Adams et al., 1969), in suppuart of the mechanism pro-
posed by Adams et al, (1969), where both radicals inactivate lysozyme by
reacting primarily with Trp 108,

The structure of this complex was investigated by Baugher et al. (1974}
with flucrescence methods, in which the proposed eosin-binding site is the
'hydrophabic box' an the enzyme surface adjacent to the active site crevice

]
about 7 A from Trp 108, The presence of dye may sensitize the enzyme by per-

turbing the local conformation, thereby increasing the expesure of Trp 108

L
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to the medium, as postulated in conmection with a study of the photodynamic
inactivation of lysozyme (Kepka and Grossweiner, 1973). It wasz found that
Trp 108 is the only tryptopham residue destroyed and the complexed lyszozyme
nmolecules are more sensitive to the inactivating attack of singlet oxygen
than the frees enzyme. Alternatively, the compiexed dye may act as radical
trap which teacts first with OH« (or {CNS]Z*) and subsequently oxidizes the
nearby Trp 108 site. In either case, our results suggest that the complexing
of a sensitizing or protective apent may be a significant factor in its
function as a mediator of radiological response.

The Pulse Radiolytic Oxidation of Tryptophan by Radical Anions

The initial radieclysis reactions of aqueous tryptophan (Trp} are impor-
tant in comnection with the radiatien inactivation of enzymes. In zarly
pulse radiclysis work on lysozyme, Adams et al. (1969) demonstrated that the
attack of the OH radical on an essential tryptophyl residue is & major in-
activating process. The reactién was ldentified with the addition of the OH
radical te a double bend of the indele ring systam, based on the similarity
of the transient spectrum with the abscrption reported by Ammstrong and Swallow
(1969) for OH reaction with aqueous Trp. Similar transients have been ob-
gerved in trypsin (Masuda et al., 1971) and other Trp-contiining proteins.
However, the reactions of (EHS]E' and other radical anient with zqueous Trp
or tryptophyl residues in enzymes give different products (Adams et al., 157Za;
Adans et al., 1973), which have not been identified. The transient absorptiens

2
or alkaline solutions have band maxima near 330 mm and 510 mm, which clesely

formed by the reactions of [{IHSJZ-, Brz‘, 1, and ms‘ with Trp in neutral

resemble the spectra obtained by UV flash photelysis of Trp {Grossweiner et al.,
1963; Joschek and Grossweiner, 1966), where the hydrated electron is a co-

product. The radical was subsequently idemtified with the neutral species
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{Tip} by Santus and Grossweiner (1972}, who showed that both Trp in strongly
acidic selutions and 1-methyltryptophan {1-MeTrp) from pH 0-12 give a different
transient with band maxima near 340 nm and 580 nm, attributed to the Corresx-
pording radical cations Trp* and 1~HETrp+. The cation spectra are similar
to the product of Cl,” attack on Trp at pH 1.7, where the longer wavelength
band is shifted to about 580 mm.

This short study was undertaken to explﬁre the pessibility that ihe
anien radical reaction products with Trp are the same as obtained by photd-
chemical oxidation. Parallel pulse radiolysis measurements were made on Trp
and 1-MeTrp to differentiate between the neutral and catienic species, The
apparatus located at the Radiation Research Laboratories of Carnegie-Héllnn
University was used for this work to take advantage of the good sensitivity of
the computerized system, (Patterson and Lilie, 1974). The irradiations were
carried out with 0.5 pysec pulses of 2.8 MeV electrons at 0.5-1.5 krads per
pulse. The puise dose was determined by irradiating NZD-sat 0.01 M XCNS taking

"l at 480 nm (Baxendale et al.,

GL(CNS},"] = 6.0 and £[(CNS),"] = 7600 M™" cn
1958). The initial [CNS}E' yield was used to determine the molar abserbance
of the Trp radicals by assuming complete scavenging and extrapolating the
radical transient absorptions to the imitial time of pulse application.

The transient spectra from pulss radiolysis of 800 pM Trp and l-MeTrp in
N,0-sat, pH 7 phosphate buffer (1 mM) are shown in Figure 27. The Trp
transient attributed to the OH adduct with overlapping bands of decreasing
intensity at 320 wm, 350 nm oand 420 nm {2 in excellent agreement with the work
of Armstrong and Swallow (1969}, The similar spectrum from 1-MeTrp supports
the identification, because this absorption should not be sensitive to methyl

gubstitution on the indole N atom. The weak band near 580 nm from l-MeTrp

suggests a small contribution from the exidation product l-MeTrp+. The addition
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of 0.1 M Br~ led to the spectra in Figure 28; equivalent results wefe sbtained
by adding 0.1 M CNS™. The 510 nm band from Trp is attributed to the Tip
radical and the 570 nﬁ band from 1-MeTrp to I-HuTrp+ by compariscn with the
flash photolysis results (Santus and Grossﬁéiner; 1972). ({This reference cites
prior work on W-irradiation of Trp in neutral and acidic rigid media in
which corresponding bands near 500 nm and 600 nm were observed.) Moan and
Kaalhus [1974) reported the formation of the 500 nﬁ Trp+ absorption by ir-
radiating Trp with UV or X-rays in acidic, fro;en aqueous solutions, in éupport
of the present pulse radiolysis results.

The present results indicate that one-electron oxidation is the major
mode of radical anion attack on tryptpphyl residues in enzymes. The actual
mechanism may involve direct electron transfer or take place via adduct

formation:
oS OF w00
o3 /e | |

Po-

It is interesting to note that the reactions of [EHS}Z', sz', CGS' and Cl2
on tyrasine lead to a similar transient band at 410 nm (Adams et al., 19?za}ﬂ
which was also observed iﬁ the pulse radiolysis of RNase (Adams et al., 1972b).
This absorption agrees with the phenoxyl-type radical spectrum cbtained by

U¥ flash photolysis of aqueocus tyreosine (Grossweiner et al., 1963} and RMase
and insulin, which contain tyrosine but not tryptophan (Velkert and Grossweiner,
. 1573), strongly suggesting a-similar electren transfer mechanism for the

radical anion attack on tyrosy! residues.
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