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Abstract:

The effects of chemically and/or microwave discharge generated singlet oxygen on proteins and their
constituents were shown to parallel the effects of dye sensitized photooxidation. This supports the
contention that dye sensitized photooxidation is mediated by singlet oxygen. Chromatographic
comparison of the products of oxidation by microwave generated singlet oxygen and dye sensitized
photooxidation of amino acids known to be susceptible to dye sensitized photooxidation was made
which showed the products to be identical. The photooxidation of lysozyme sensitized by
hematoporphyrin was shown by application of tests involving deuterium oxide enhancement and azide
inhibition to be mediated mainly by singlet oxygen. Studies of the effect of gas phase singlet oxygen on
solid phase lysozyme and ribonuclease were used to further clarify the mechanisms of dye sensitized
photooxidation and the effect of a potential pollutant on protein structures.
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ABSTRACT

The effects of chemically and/or microwave discharge generated
singlet oxygen on proteins and their constituents were shown to paral-
lel the effects of dye sensitized photooxidation. This supports the
contention that dye sensitized photooxidation is mediated by singlet
oxygen. Chromatographic comparison of the products of oxidation by
microwave generated singlet oxygen and dye sensitized photooxidation
of amino acids known to be susceptible to dye sensitized photooxi-
dation was made which showed the products to be identical. The photo-
oxidation of lysozyme sensitized by hematoporphyrin was shown by ap-
plication of tests involving deuterium oxide enhancement and azide
inhibition to be mediated mainly by singlet oxygen. Studies of the
effect of gas phase singlet oxygen on solid phase lysozyme and ribo-
nuclease were used to further clarify the mechanisms of dye sensi-
tized photooxidation and the effect of a potential pollutant on pro-
tein structures.




INTRODUCTION

Raab (1900) reported, in 1900, that light, in the presence of
sensitizing dyes, killed micro-organisms. This process was termed
"photodynamic action". The effects on materials of biological inter-
est include degradations of carbohydrates, nucleic acids, lipids and
proteins. A number of "non-biological" organic compounds, generally
containing an olefinic structure, also have been shown to be suscep-
tible to photodynamic action. This effect is now frequently called
"dye sensitized photooxidation", since it usually involves the oxi-
dation of the target molecule. The term "photodynamic action" is re-
served by some (but not all) authors for the pathological gross bio-
logical effects of sensitized photooxidation.

A number of different mechanisms have been proposed to account
for photodynamic action. Until fairly recently, the most generally
accepted views that the dyes absorbed light to give an excited dye
electronic state. This either reacts with substrate to abstract a
hydrogen atom or electron, thereby oxidizing the substrate and gen-
erating a reduced dye which may or may not react with molecular oxygen
to regenerate the original dye or the excited dye may react with oxy-
gen to form a dye-oxygen complex (also called a moloxide (Gollnick,
1968)) which can react to oxidize a receptor.

The hydrogen atom or electron abstraction mechanism has been

demonstrated for some non-biological substrates, usually in the
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absence of oxygen. This mechanism is now often referred to as a

Type I sensitized photooxidation. While it is very likely some rather
specific photooxidations of biological compounds may involve this
mechanism or something like it, this mechanism has not been proven for
the oxidation of any biological compounds, especially proteins. Clear
examples of the moloxide mechanism have not been demonstrated.

A major problem arose with these direct dye mechanisms. Dye
sensitized photooxidations of certain olefinic compounds give more
than one product in fairly consistent ratios. Generally, the ratios
are not greatly affected by the species of the dye, even though the
photosensitizers vary greatly in structure.

Recently, a mechanism originally proposed by Kautsky (1939), in
1931, has gained support and general acceptance to account for most
dye sensitized photooxidations. He proposed that light is absorbed
by the dye to give the dye electronic triplet which interacts with
ground state triplet molecular oxygen to give a singlet molecular
species, which is then the active agent in the oxidation. This is
often referred to as a Type II sensitized photooxidation. His views
were largely ignored for 25 years, despite demonstrations that the
dye and the substrate in a sensitized photoogidation could be sepa-
rated some distance by a layer impermeable to either but not to oxy-

gen. He also showed that reactions could take place when dye and
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Figure 1. Molecular electronic state of oxygen.




4
sensitizer were absorbed on separate grains of silica gel, allowing
éﬁly for fransfer of excited oxygen between them.
Figure la diagrams the molécplar orbitals and the ground state '

triplet electronic configuration for molecular oxygen. The highest

- occupied orbitals are the antibonding degenerate ﬂ*xy' which are half

filled. Figure 1b diagrams the electronic structure of these highest
occupied orbitals in the ground triplet and the first two excited

. 1 . , . , .
singlets. The Ag singlet is geneérally considered to be the main

mediator in dye sensitized photooxidations. The lZg state is thoﬁght

to be easily inactivated and hence not easily available for réaction
even in systems where it may be generated. A growipg body of evidence
subports Kautsky's mechanism

It'isupossible to generate singlet oxygen, especially the lAg
state, by a number of methods which are independent of dye aﬂd light.

|

When oxygen so generated is allowed to react with olefins which give
distinctive ratios of products with dye sensitized photooxidation, the
same products in approximately the same ratios are obtained. Dye free
systems which can be used to generate singlet oxygen include elec-
trodeless radio frequency discharges in low pressure‘oxygen, the
reaction between hydrogen peroxide and "positive vaience" halogen
compounds, most commonlf hypochlorite, the decomposition of trans-

annular linear polycylic aromatic peroxides, the decomposition of

triphenyl phosphite-ozone adducts, the decomposition of
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1,2-Addition Forming a 1,2-Dioxetane
Which Decomposes to a Dicarbonyl

Figurg-z. Reactions of lA,g Molecular Sihglet Oxygen with Olefins
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perquchrométes, the decomposition of peroxyacetyl nitrate (PAN) and,
perhaps, certain enzymatic reactions. ' |

Oxidations mediated by singlet oxyéen typically are rather.se—
lective in the type of structures attacked gnd épecific in the types
of products obtained. Considerable parallel has been drawn between
reactions of singlet oxygen and the Diels-Alder and "ene" reactions.
Ground state oxygen behaves chemically as a diradical since if has
unpaired electrons in its highest'orbitals. The sigma singlef is also.
thought to react similarly since its electrons are alsc unpaired, but
because of its short lifetime, its'chemistry_is poorly developed
(Foote; 1963; Kearns, 1971; Ogryzlo, 1970). Since the delta singlef
has all paired eiectrons, it has symmetry similar to ethylene and re-
acts with conjugated dienes and substituted double bonds'in a similar
concerfed manner. Figure 2 illustrates the typical reaction course
and products for these reéctions.

Some instances of 1,2-addition to double bonds are known al-
thdugh this does not seem tb be the typical course in‘most'cgses'
(Fenical et al., 1969), s

The oxidation of indene shown in Figure 2 illustrates this type.
of reaction. This type of addition seems favored by eléctron r;ch'
substitutes on the double bond and a lack of a—hydrogéns. In the Ease
of 1,3-addition to an isolated double bond, reactivity is in the order

of unsubstituted increasing up to tetrasubstituted by a factor of ten




for each methyl or equivalent. If substituents on the double bond are
all different and each has the alpha hydrogen as shown ih Figure 2,
then generally all of the four different hydréperoxides'will be pro-
duced in ratios which are fairly constant from one source of singlet
oxygen to another. Production of such typical ratios is considered
one of the more definitive tests o£~the presence of singlgf oxygen in
a given reaction system. While the same products may'be obtained by
certain“frée radical oxidations, the product'ratids will generally be
different and the whole reaction can be quenched by radical scavengers,
such as substituted ghenols,-whiqh is not the case with a single oxy- .
gen reaction (Poote, 1968).

Quenchers for singlet oxygén are known. The:exgct nature of
their reaction is not clegrly worked out, and is undoubtedly different .
for each type. The main types of quenchers currently considered afe
polyenes of seven or more conjugated double bonds, tertiary amines,
azide ion and hydroxyl compounds. The most commonly cited egample of
the first is B-carotene with nine conjugated double bonds. A number
of tertiary amines have been used in various studies, but the most
éommonly discusse& one is l}4—diazabic§élo[2-2.2.]octane (DABCO, txi—
éthylenediémine) (Kearns, 1971). Water is perhaps the best hydrokylic
quencher. Work by Nilsson et al. (1972, 1973; Merkel ‘et al. (1972))
has shown that the efficacy of hydroxyl as a quencher. correlates witﬁ

how well "tuned" the bond stretching overtone vibrations are to the .
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23 kcal. energy level of the singlet oxygen. Based on this obser-

vation, they devised an' elegant tést for the action of singlet oXygén =

in aqueousbéystemsm 'Deuterigm is enough mdre massive than hyd;ogén‘
that bond Qibration energies are "détuned" to a great eﬂough dégree
that the lifetime of singlet oxygen in aeuterium oxide ié abouf ﬁen-_
times (20 lseconds V5; 2 usecondé) that in w;ter. Aé-a resﬁl£, a '
reaction run in deutgfium oxidé; evergthing else béing equal, will
proceed up to-feﬁ times as fast becauée of hiéher stgady.state-éoné"
gentratibns of siﬂglet,oxygen. Coupled witﬁ a parglielvre%ctibn with.

a quencher, such as azide, where singlet oxygen is inhibited, this '

constitutes the best current test of an oxidatibn_for singlet 6xygén .

inVolvément where oléfinic a@ditioﬂ prédﬁét fatibS-can nbé appl?,
Direct @étectiénléf'singlet onggﬁ ca#,bﬂly‘be déne gpéqtror
scopically; The tganéifi?iqn from the 23_kcaiﬂ/mqig level to gxouhd_
state causes an emiséion at 1,280 hm.:;This can be gséd t6 monitof )
the‘concéntration.of the. species in thé gas phase.,_Unfprtunafelyh
this region of the sbectfum is not convenient to wofk.with, éﬁe‘to

instrumentation requirements, so this band is not often used. Both‘:

" the delta and sigma singlets are able to'undérgo a remarkable bimolec{

ular emission process which can pool the energy from two~molecules'to

-'giﬁe, in the case of the delta species, an emissioﬁ:at 634 nm and for .

the sigma 382 nm (Bader and Ogryzlo,. 1964). The interéction,of:the'

'-', two different species gives a band at 478 nm. The.bimolécular délta ‘
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band at 634 nm is often used to menitor the concentration of the delta
singlet in gas ;eactors. This technique of concentration monitoriﬁg
has not been showﬁ to be useful in liquid réaction systems, even
though it was thé chemiluminescense of the reaction of hYdrogen’per-
oxide and the hypochlorite ion (at 634 nm) which célled atténtién té'
this reaction as é source of singlet éxygen. The emission may coﬁe
from bubbles and not dissolved oxygeﬁ; Since the 634 nm emigsion is
bimolecular in nature, it is dependent on the squafe of the concen-
- tration of the delta singlet. The uﬁimolecular 1,280 nm emissioh is
directly proportional..

While more technically tractable as a source of monitofablé
emission than the 1,280 nm band, the 634 nm band is still faint enough -
to réquire‘rather'seﬁsitive equipment, including monochromation, for
use as a monitor due to the relatiVely long radiétive lifetimes of the
A species and its bimolecular complexes.- It was Qbserved that the
coal tar dye_violanthrdne gives an intense red emissiop,with singlet
oxygen (Ogryzlo and Pearson, 1968). This reaction is due to the trans-
fer of the electronic energy from two singlet'molecules in a twostaée»
simple quenching process, without other chemical reaction. This re=
action has been ﬁsed.to monitor the output of an eiéctric diséharge
(iﬁ this case a‘microwave induced'discharge) sinélet oxygen generétor;’
The reaction is inténse enough to be readily visible to the eye in a

semidarkened room. As in the case of the 634 nm band discussed above,
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this luminescence is propoftional to the square of the singlef oxygen
conéentration. |

Photooxidation of substrates of biological iﬁterest, such as’
proteins and nucleic acids, is now generally conside¥ed té-invqlve
singlet oxygen, even though the picture here is someWhat less clear-
cut than in the case of olefins. Seﬁsitized photooxiéation of micleic
acids seems to primarily attack the bases.. While all thé base;-seeﬁ
to be susceptible to photéoxidation, guaning is the most susceptible
of the five common oﬁes. Adenine is the least reaétive of this éroup,
being about an order'of magnitude less reactive ghan guaniné. Studies
of the singlet oxygen oxidation of nucléié acid components have de-.
mdnstrated'these rélative reactivities using, besides sepsitiged
photooxidation, radiofrequency discharge-flow systems and hydrogén
peroxide—hypochiorite reactions (Clagett and Galéh, 1?71} Halleteﬂ:al.;_A
1970). The main obstacle to clarification of what exéctly is happen-~
ing is these reactions is that the products from any of the bases are
complex, poorly cﬁaraéterized mi#tures, Of the Studies.meﬁtioned,

the one with the hydrogen peroxide—hypoéhlorite suffered from the

added handicap of side reactions with the reageﬁts} which have nothing

to do with singlet oxygen. This has proven to be a problem with
studies of this system and proteins.
That photodynamic action on proteins can proceed by sindlet

oxygen pathways is well established. However, there is a considerable
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bédy of eVidencé.that in many, if not most, Eases the ;éaction is not
‘as éimple as with olefins. _The%e is eéidence for dye—substfaté iﬁter—
actions and the degrge‘of protonafiqn of the éubstfate may effeét‘the
reaction. Of tﬁe twenty or so amino acids'féﬁnd in pfofeinsy énly.-
. five have beeﬁ demohstfated to be notably susqebtiple ;Q sensitizéq
photooxidation. - These are methionine (Métff-ﬁistid;ﬂe,(ﬁis), Tfyfto—
phan (Trp), Tyro;iné (Tyr) andCyéteine—éystine(éysH, Cysz).‘.Thét-£he‘
first fwo are probably photéoxidiéed;ﬁy singlef bx?gen‘ih‘mpst”6f théf'
:sensitized‘systems studied ié sup§6¥£§d gy récént studies uéing_the-
deﬁterium‘oxidg and azide test syétem;. Tﬂese.th residues'gre*tﬂé
usual targeés of Sénsitized photdoxidation of prqtginé,and the‘inAAtif
vation of enzymes ﬁsﬁally‘pafalléls_tﬁeir déstfugtiqn;‘espégiéllyf )
that of ﬁis. \The same can be saia‘about'Trp with less confidence.
The nature of the.photooxidatién_pf Tyr and éy;Tiskﬁgr'less'clear and |
_evidences for directrgye meqhanisms éxist:,

The bgodqé;s‘éf phqtooxidationlof these amiﬁo_écids are wéll
chargcterized iny.for Met and fgi;iy wéli undetStood-fof Tré. Met is
“oxidized initié;ly-£§‘a sulfoxide aﬁd soﬁeﬁhgt more slo&ly tovfhe'sul;“
‘fone. “Thére'is-one report of sensitized oxidatiqn to_methional by
1umiflavin containingﬂsensitizers,_but theréxi$V¢onéidef§blefr§aéon
to believe that this~maylrepgé$ent aﬁ exambleféf.a.dirgcfldye mecha—
. ﬁism. Trp can be oxidizéd to seVeial produété; If thé dfamino group

is blocked by an amide bond, the main prpduct'is o
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Ot CHy - cHy

$ §=0 0=4=0

GHy lo2 GHy 1o2 _ CH,

(?HZ e ' 'C'JHZ | — C';Hz
NH=CH NH=zCH NHsCH

2 ] 2 ) R 2'

COOH .COOH cooH
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Q :
CHZ‘ QH-CO‘OH : —C-CHZ- CH-COOH

NH, 1 " NH,
— /_NH-CHO
Tryptophan . N '-Porinyl-Kynurenine ‘

Figure 3. Products of photooxidation of methionine and tryptophan.
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N’-fdrmyl-ﬁ—blogked—kynurenine. 'If;the amino ié“péﬁ.bipckéa, besides -
:éhggkynurenine product, meianine prodﬁcts_are-foimed. fThese are usﬁ}¢
ally intractable bxéﬁn polymers. Other‘prodﬁcts have.béén observéd |
uﬂder-speciallcondiﬁions. fhere seems to bgvéomé slight qﬁestion
about the yield of kynureﬁine in ghe blécked case. Most authors feel
:it is quantitati&é, wﬁiletathersquestion thislﬁut rép&rt no oéher
identifiable products. The photooxidation of Trp sgnéitized by ;umi—
flavin and such.lumiflaviﬁ éontéinihg compounas as-riboflavih‘éhbws
some feétures which seem to reqqire invoking éome-noﬁfsinqlet oxygen
mechanism. Oxidations seﬁsitized-by the mdre ﬁsuél rose béngal or
methylene blue in oxygen ricﬁ media-sgém Eb have.fg;tﬁfes.qoﬁgistent
-~ with singlet oxyggﬁ mechanisms. The lumiflavin sensitized phoﬁo*n
oxi&gtioh of TTéicaq be acceleratea by the'presence.of rougﬁiy equi-
mblér am&uﬂ£s 6f_adehine. At the éame time, oxygen was found to'actu—,
ally qﬁench the'réaetion, giving lower dquantum yieidé (éoshimur; aﬁd
Kuto, 1973) . | |
The‘oxidation of His 1is coﬁplex. A study by Téﬁita et al.
(1969) repofted the isolatién of 17 cdmpoﬁnds’iﬁ pure form from'thef
sensitized Photoqxidation of N—benzoylhistidiﬁe. They.éuggested a':.'
course of reactions Which begins-with a l,4—cyq10g§§itign of_sihglet‘
oquen to the imidaiole.riﬁg; |
The photéo#ida#ion'of Cys; eiﬁher as CysH o? Cy$2,'is_less-we11

understood. It is susceptible to photooxidation, -but uéually at a




Cig -
much:sloWer‘rafe than Met or His. 'Jb?i ef.al; (19695) ;ﬁd‘Bellin'and;':
, Yankus’(l96§) ha&e‘reparted the selectivé bhotooxi&ation.éf'Cys;
éépeéiallf as CysH,.by crystal violet. This dye will‘ﬁot sensitize
'thg photooxidation of His or Met. Work on model disulphide compounds
" with gas dischargé generated’ singlet oxygen( sﬁpéorts fhe'idéa tpat‘,._’ﬁ
Cys2
so far identified fo; the sensitized photooxidatién-of.Cys is cyéteicf:
acid, -although the models suggest‘pthers shéuld,be p;odﬁqea;,pgfhaps
as iptefmediates. | . i "

- The photooxidafion of Tyr;is perhaps the:least‘pndéﬁéﬁoéa of }-
£hé fi&e. Tyr is-ﬁof'very susceéfible to bkidatipnfin the,ﬁﬁch;rgéa.
fqrm; ‘At.higher_pHs; where the ?heﬁoiicf&rou@ is ionized,.iffdoés:
sﬁow some reéctivity; This correlates ﬁith thé éxpectatioh that Siné;

:;e£ oxygen~is elect;ofhilic and woﬁid tend to réacp better with the
ring when it has‘é‘higher electrén dén;ity;x A similar,effeét is noted
With His. His is léss reactive at lo@ PH where the imidégole is pro-
tonated than>ét_higher pHé where.ﬁhé rihg does not have a poSitivé'
charge. Very ligtie is known abdut thelprpaucts éf Tyxipﬁqtoéxiaatioh{
which seem to be ﬁel;pine type daﬁk pplymefs. |

There_havé been no reports of o#iéatiéns‘bf amino acidslas_such

' by dye free _s_inglét' 6};y§en systems. 'C‘Z_lr-li:lrakové éi: -_a.l.. ha\‘r_e‘re_por."tled'

the‘oxidation of lfstyme in a flow—elecfric discharge éystem. ,fhey

demonstrated that the chromatographic behavior of the oxidized enzyme

should be susceptible to singlet oxygen attack. The onlyAproduct‘ *1'J
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matcﬁed that of methylene blue sensitizedlbhotooxidized lysozyme and
that the disappearance of His and Typ paralieléd that of the photo-
oxidized reaction. They did not identify any amino acid products.

Effects that are so far no£ explained with regard to the photé-
oxid;tion of amino acids, and even more so of protéins, are aépects
of dye substrate specificities. In reactions with olefins, a test
used for thg singlet oxygen mechanism is that with different sensi-
tizers, two different substrateé will give fairly cohéistent fatios
of the rates at which they are oxidized. ' This test has been extended
to electric discharge and peroxide-hypochlorite systems with consis-
tent results. When this type of,comparispn is made wifh a range of
sensitizers on the aﬁino acids listed above, the ratios aré rarely
consistent. In one study,‘the ratio of oxidation velocities V(Trp)/ -
V(His) varies from 0.9 for gbsine Y to 0.25 for thionine. Thionine
is noted in one étudy witﬁdimethflanthracené,as clearly being able to
function in both Type I (electron abstraction) and Type II (singlet
oxygen or Kautsky) mechanisms, depending on the availability of oxygen
and substrate (Kramer and Maute, '1973). Severai aﬁthors ﬁaye shown' 
that the decoloration or bleaching of methylene blue can be achiéved
under anaerobic'conditions in the presence of amino acids (Weil, 1951;
Knowles aﬁd Ggrnan, 1972). A sumﬂéry of the results of two different
studies is that: 1. Trp reacts uﬁder these conditions at pH 5.8 and

8.0; 2. His reacts at pH 8.0 but not 5.8; 3. CysH reacts at pH 5.8;
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4. At pH 5.8 Tyr,. Cys,, Met, Alanine, and Phenylalanine _arel not sig.—-

nificantly reactive;.5. At pH 8.0 Met and Tyr may be slightly active;

6. N—acetyl-Trp dqés'not react at pH 5.8; 7. The products of Ehe amino :

acids under these conditions have not beén"idéntified;ﬁ Iﬁ/is.of"in4
terest to note in passing that methylene blue différs_from thionine
by four methyl groups (it is N,N,N',N)-tetramethylthionine) and it -

would not be surprising if it could undergo electron abstraction re-

actions, and it is well known to be reduced by-many.active:reducfantél,

Phoﬁobléaching does not seem to #éﬁe;plaée aten{éppréqiab;e'?ate iﬂ-
the presenée of oxygen. If a photobleacyeavmé;hyleﬁe'biﬁg;aﬁind éqia
'sglﬁtion:ig allbwed'ta oxygenate;:méét 6% thé methyléné biug is re;
generateé; | |

A sgnsitigér, Hematoporphyrin, whiéh.uéug}lyfgives'res#lts:witﬁ
olefins consistent with the‘singletxoiygep mééhanism,-is repér;ed to
give anomalbﬁs résults with amiﬁo'aéids kJQ;i et_ai., 196%b). At
PH 6.1, Cyéé, Eié;'a£d Tyr were_fo@nd to'bg'unreaCtive.aﬁd Trp.ﬁas'.
only slightly. Uﬁder the same conditions; Met waé'fépidly éﬁd quanti-

tatively convertedﬁfo_Met suifoxide, . The élight;reéctivity;pf‘ﬁrp.wgs

removed when it was blocked at the amino groub.,-The'ééme‘authofs re~ -

ported that under these conditions one of the two Met residues in
lysozyme. can be oxidized to the sulfo*ide,,ieaving all bther residues
‘untouched. A later papei‘in the same series reported that two mole-

cules of hematoporphyfin were bbund pef molegule‘of‘lYSOZYme and.thét
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this binding shifted the absorbtion spectrum of the dye (Jori et al.,
1971). They reported that light absorbed by the bound dye and notthat'
absorbed by the unbound was effective in causing the photooxidation.

When an intact enzyme is subjected to dye sensitized photo-
oxidation using, mqst commonly, ﬁethflene blue, rose bengal or pro-
flavin, cbnsidera#le selectivity in which residues are_okidized is
noted. The resﬁlts can usually be intérpretgd in.terms_of availabil-
ity of the target residue to the singlet oxygen. .Aﬁ oééasional case
is noted, as with ly;ozyme and hematoporphyrin where the results sug-
gest that the reasonﬁone group is selected over another is some type
of binding of the dye to a specific site on the protein, which, even
if the oxidation is singlet oxygen mediated, would permit a prﬁximity '

effect. Generally, if a protein is unfolded by use of high molarities

of urea, etc., all the His and most of the ﬁrp can be oxidized (Sajgo,

1963) . Most of the Met is probably also oxidized under the same cir-
cumstances, but the usual work up involves acid hydrolysis with sub-
sequent automatic amino acid analysisl .Thié generally will show only‘

the Met, as MetSO is usually reduced to Met by acidvhydrolysis with

hydrochloric acid. Basic hydrolysis is necessary to recover ‘the sul-

foxide. . -
Considerable use has been made of Ehese‘types of selective
photooxidations to define residues, particularly those of His, which

are “"critical", usually implying in the active site, to the action of
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_gn:enzyme. Cpﬁ;iderable care ﬁas'to bgiused‘iﬁ inﬁetpreting this_n-;f
data, éince in thé'reported-casé of -oxidation ofiéné;%ésidué of'Mét iﬁ
ly%oéyme'(Jori et al., i969b), the residﬁe‘is réﬁbrtéd té.ge Met—lz,:
In X%fa& determined stfuétuyes bf'lfsoéyme} this resiaﬁefis on the
opposife sidé oflthe‘enzyme'from the actiye sité{"Thé cénvérsion 5f
this Met to the sulfoxide is reported té lower Fhé!actiéity to 544 of
_tﬁat of the nativé.enzyme. The iﬁpiibatién of this is that thé'addi—

~ tion of one étom éf bxygen.to the Mét can §o:éltér theAconférﬁation of
-the enzjmg thaﬁ its catalytié activity isflargély ﬁindered;,even
though this residue is‘no# diréctly in%olved in theibataiysis, chh:
.of‘thé Qldéf‘literatﬁ¥¢‘in this aréa;repoft.éffec£s Which'§an'bg ihff
teréreteé as either deséyuction df‘"caéai§£ié"-ﬁesidﬁésaor conforr-
mgtional'changesu In host“cases,‘theaforﬁergintéfp;et;tioh'wés, at
least, implied.  In studies where'sﬁbstrate or enzyme'bofactors één

be shown to p:étect the enzyme f?oﬁ seﬁéitized phbtqéxidafion, the
interpretatioh thé£.£he té;get'residﬁeg.are cafaiytic or alloéteric

- sites is oﬁ;fi?mgr gréund;‘ Oﬁe.éﬁthér‘(Wes£héad,-19?2)‘haslguggééted
tﬁat the use‘of dyétsensitizedAphdtooxidation té'investigate protein‘

structure has‘nof,yet'fulfilied'its earlier promise.




STATEMENT OF PURPOSE

.This work was initiated to elucidate the mechanisms of. the dye"}

sensitized photooxidation 6f ?roteins: This class of‘photéoXidationSA
has value for the selective mbdifi?&tiéhé?f'prbtéins:to iqves£i§ate‘
their.pature of action. ﬁsually; gn in;estiéaéioﬁ'bf;fhis~£ypélw111 
" be considering‘thevmeqhanism of ca£glysis‘of ap:ehéyme,_ ﬁy-éeleg—
tively modifying some. or all of the proteih residueé.éuséeptible to
séﬁsifized photooxidation--His, Met, Trp,-ch and Tyr--information
can bgllearned qbout the involvement éf these reéidues in the.ca£aly- )
sis. The better the‘éeﬁsitiéed fhdtbéxidétioﬁ.pfocésg is uﬁderétooé,
- the more useful'wiil be the information obtained,from ghesé photo-
oxidations. If hiéhly specific mechanisms of'action could -be fOund,' 
© ones which oxi&iéed-onlyuone type 9f>residue;'£hen the utility:of'aYé’
sensitizeq photooxidatioh could bé‘imptovéd as:thg involvémentuof'
single résiéues or tyées of resi@ue§,§oﬁléﬂpé.§pen to invéstigation.
At the tiﬁe ;hege studies'wgfe‘startea,Lit"wgé gege?ally felt‘
;hat; in at igast'sémé‘cases,“dyé éen%itizé@ phqtoo#idatipﬁs could be
mediated by singlet okygen,ip'Ty?e‘II mechaniémﬂ; However), no data
were ayailabié which- could bélexplaineé oq}y in terms of a‘fype T
mechanism, to the exciusién of T&pe'i mécﬁanismé involvihg difect dye
interéctioné~witﬁ the:subsﬁrétest
It was known that singlet okygenuéould be generated'by dyg free

systems, and that oxidation of certain olefinic substrates by these..
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systgﬁs gave the same distinct;ve:éféducts that wefe observed in_dyg‘ :
'sensitized_photooiidééions., Howe&er, it waé npt'knowﬁ ifAdyé.f¥ee
singlet 0x§§e§ okidations éf proteiqs and amino aéids.gAQeAthe'éame
products fhat were ébséfved in dye'sensifiéeé.phqtooxidatioﬁs:,indeed,:”
it was not even known if amino acids Qould reacf with'dye-f;ee sing-
let oxygen. | N
The first major question; ;hen,'that wés‘addrgsséd in this in-

vestigation was: Does dye free singlet oxygen react with préteins
and aminé acids”aﬁd, if so,‘do'thg amiﬁq acid prgducts;of dye ﬁree
‘singlgt oxygen 5xidation compare Qifh #ﬁpse qﬁfdyé sénsitizéd:photq—'
oxidation? The study of this que$£ign in&estigated fhe inactivatioh,
.in solution, of lfsézyme by miqrowave:dischgrée gehéra@ed éinélet
oxygeﬁ, but primariiy;investigated thé reactions of thevamino,acid

Met and the amides, N—benzoylhist@dine, N-acetyltxypfophan and N-

‘glycyltryptophan with both dye senéitizéd‘photooxidatién and microwave  .l'”

discharge génerated singlet oxygen. The results of .the oxidations of -
the amino acid,and_amides were coﬁpared by thin 1aYer chromatography.

~ Subsequent to the time these investigations were performed,

&

Churakova et'al,'(iéﬁS) reported on their work in @ééétiﬁéting"lfég?

zyme iﬁ solutiqn by miérowave genéréted singlet oxyéénl ?Whilé they ™
did not.investigaté:the natﬁ;e of:thé aqinQAacid products,‘tﬂéy did _'-’
shéw that the diéépp;afance of-T?b,ana ﬁié p&rélléléd t#at Qbsef&éd'y

in methylene blue sensitized photooxidatibn." Thisvanswered_most of
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the major remaining questions regardihg the reactivity'of'an:iﬁtact'
.protein in this type of system so:other areas of the méchanism of dyé-

sensitized photooxidation were investigated. - -

The second majo¥ question that was conéidéféd was: Are there.

any éruly specific dyé éensifized bhé;ooxidatiéné‘that‘éould be @éed 
for highly selective médification of individ#éi residuesrprntypeé‘of
residues to'clarify the residue'g Qurpose in the protein?‘ Since a”
fype 1T, siﬁglet oxygen mediated, mechanisﬁ woﬁla be expectea to
react with all the éusceptible reéidﬁe;,lat least to sdﬁe degpee,as ‘
they are gvailable to ﬁhé mediatoi}:this waé,;thén; théxééaréh forvé

dye reacting by a Type I mechanism where specific dye-substrate -in--

‘teractions would provide selectivity. At least two systems had been o

feported in the Iitérature where this type of sélectivity had been
observed. The first, reported by Bellin .and Yankus. (1968) and.Jori
et al. (1969a), involved the specificuphotooxidétion of cysteine sen-

'sitized by crystal violet. The ‘second,’ reported by Jori4etﬂal;:

(i969b),invqlved the specific photooxidation of Met, bofh,free-and in

'the prqtéin lysozyme, sensitized by'hematoporphyrin. These systemé(

weré investigated (the first very briefly) to.confifm'the.répqrts-sol"

that the work might-be extended to p;ovide useful protein modification :

tools.  The first'reaption was studied with.a;Cigrk okygen electrode.

The methods of Nilsson, Merkel and Kearns (1972), iﬁVolViné deuterium

oxide'enhancement.and azide quenchiggaqf‘sipgleE;OXYgen to
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differentiate Type'I.from'Typg II‘@echaniéms, were used to:iﬁyesyi—
gate-the_éecond; | "

’The éffects 6£ singlet oxygen iﬁ the. gas phaSé.én solid pro-
teins and amino acids wefe inves#iga#éd. ‘This Qbrk‘was.ah 6ﬁtgr6Wth
. of the Qork with pfof@ins,aﬁd aﬁiho;acids in éolufioﬂ.ﬁsinguﬁicrowave
discharge gene;afed singlet oxygen, bqtfoffeged'the opportuniéy‘£0‘: 
Aleafn éomething about the effect éf a potenfiai air pollutant on pro-
tein structures. Work by Davidson and Abrahamson‘(l9%2) and ffomlthe
"laboratory of'Pitts (Coomber et al., 1976) have shown that singiet
oxygen can be generated in polluted atmosphereévby pﬁétoreactions
éeﬁsitized by various-pollutantsy-ﬁakihg this.inv§s£i§ation of“soﬁe;

thing more than academic interest.




METHODS AND MATERIALS -

.Gas Chromatography
All gas or paper phase chromatographic determinations‘Were run
on aF &M Blomedlcal Gas Chromatograph ‘Model 400. Two columns were
used. Both were filled with an absorbant prepared by coatlng 45 g of‘
Chromosorb W w1th 5 g of Carbowax 20 M in lOO ml of chloroform, then
»remov1ng the chloroform by low presSure evaporation andvheating over- -
night in a low temperature oven. A'four'footﬁlohg column.of sila-
nized % inch O.Pu glass and an 18.foot‘coluhn'o£ %‘O;D,_oopper'tuhing
were made. The short glass-columntwae used ih:inrrial ethdiesxwith
2,5—dimethyl—2—hu£ehe'and ite oxidationAproducts.'“ihe longer columh
proved more satisfactory'and was used Qith both olefins and their
products. Chromatograms were run at varioﬁs tehperatures up eo 200°C
" with most work being done at l66°C. Flame ionizatioh detectroh was’ -

used with helium carrier gas.

Mass Spectrometry

Mass spectra was taken on a Varian CH-5 ‘Mass Spectrograph op-
erated by Dr. P. W. Jennings usinéfa Varian Aerograph gas chromato-

graph inlet.

Visible and Ultraviolet Spectrophotomefry'

Absorbtion spectra were recorded on a-Cary—l4'Recording Spec-

trophotometer. Initial work,with'lysozyme'acpivityrassays used
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Beckman DBhor B. and L. Spectronic 20 spectrophotometers;. Later mork,
whioh was the majority, and all\ribonuclease aotivity.assavs used a
Beckman Dd—; spectrophotometer. Determinations ot the ratio‘of the

‘absorbtion at various wavelengthsfwere done on..the DU-2.

Automatic Amino Acid Analysis

All analyses were run on a Beckman Model 120 C Amlno Acid Ana;D
lyzer equlpped w1th an Infotronlcs 1ntegrator. Threemcolumns were
'used in these studles.' They were about [3 cm, 21 cm and 60 cm long.
The first two‘were used for resolutlon of ba51c amino ac1ds u51ng
pH.5.26, 0.4M Na citrate buffer, while the‘long column‘was_used for
acidic and neutral residues usino two buffers'Whioh automatically h
ohanoed duriné a'run.‘ These buffers“were pﬁ 3.23 and 4.25 oitrate,

‘ both(O.ZM Na+. Samples of-approximatelv 1.0 ml were introduced_to

the columns by means of automatlc meterlng values._ A "good" loading
of a partlcular amino acid is 0.02- 0 3 umole)ml. Outputs were both
.in the form of strlp chart‘absorbance graphs and an 1ntegrated number_
which gave relatlve values for the peak areas.H'Calculatlon of the re-
sults from these outputs conslsted of d1v1d1ng.the,unknown‘s inte; B
gratlon for a- partlcular peak by the 1ntegratlon for the same re51due
;;1n the most recent standard run. ThlS number was then multlplled by
the number of moles, usually 0. l Umole, that the standard represented.

When all re51dues of a run were converted to thlS molar value, a




25

common denominator divisioh converted the mélar valués to;nuﬁbers of .
residues. Since all préteins usea’in this étudy are well charac£er—’
ized as to their.integral contents of vgrious residues aﬁa‘the rela-
tive.émounts of phehylalanige (Phe),_tyroéine (Tyr)., alanine (Ala),
;spartic aéid (Aép) and lysine JLys;‘afe relatively,less‘likely to be
affec£ed»b§”artifacﬁs of the determiﬁation}'bne o? m%fe oflghese res—
i&ugé were génef%l;f used as .a basis for a éomﬁon denominator caicu—

lation.

Microwave Electrodeless Discharge Gas Flow Singlet Oxygen Generator.
and Reactor -

The reagtd; Was.constructed oﬁ.thé féilbWiﬁé matérialg:én@
"equipment. The.pgwer'sourcé was a Raytheon'PGM—lO—XZ‘mic?owaye power
'génerator operating_at 2450 MH=z. jThis.in;tfument‘éeems‘tofhave beenﬁ
‘originally designed for medical‘t#erapeﬁtic pﬁ?poseé.‘ Figutre 4 shows
the form and dimensions of the g;ass part of the:éystemJ The céﬁtral
discharge tube wés'of'Vycor fusedhquarfz glass._vjhe:rést'of the
g;assware was Py;ex ér Kimax. TheIquor £ﬁ§é'was neceésarysbecauée of
thérmal s£resses:in thé vicinity of the discharqé;. The péwer from‘ﬁhé.
generator Qés céupled té_the éasiétééam in théxdiécharge tu5e 5y.means
-of eitﬁér an Evanson Cavity o?>a“¢ype C-Raytheon médiéal.antenna'as
modified at the sﬁggeétion‘of Dr. Louis Owen (l973)., Thg Evansﬁn‘

' Cavity was used‘in early work, while thé OWen;Type C proved more sat-

isfactory and was uSedIlatérm The Owen modification consisted of
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bending the réflecto# wings of the Type C'anfenna fromlﬁﬂeiriiﬁitial
right angle until the sides are parélle; and aboﬁt 35_ﬁﬁ'é§a£t: A |
sheet 6f aluminum foil was placed_aéross thé open side ﬁo éivé a‘fec- :
: tanéular box, open aﬁ:both ends, of.3§'mﬁ:by 62 ﬁm'c;oéé‘sécfidnéw
The'ProtectiQe plastic shiéld over-the-dipolg was rémoved as it tended
to méit and was got ﬁéeded for pfotgétive purposés; Cooling of the
'.‘disghé;ge zone waslprovided by jéts‘éf fil;eréd'h&qse air. Thé
Evanson Cévity hés broﬁision for at£a¢hment of air jéts;. The modifiea‘
Type C was cooled bf.directing air ‘on the aiéole;. A vigoroué aif jet
isuqecessary. |

| A mixturé of 10% okygen iﬁ.helium (Aircé Rarelaﬁd‘Speciaity -
Gases) was used in the\bxidatiéns in.liquidAsolutiQns. Other Qork -
used pure oxygen or carboh.qioxide.:.The helium aiiﬁtéd oxygen was
necessary whep‘workiné wi;h aéuedusisoivenﬁslto prgyenﬁnéxcéésivéf
evaporation.. This'rééctor will not maintain a discharge at pressure
much above 10915 torr in pure oxyéeﬁ.“Thg discharge can be maintai#ed
up to 50j60 torr in the diluted ggé.sd'that w;tgr'lgsé from- the re—.
actof'bf evaporafipnfat low é;esgufe-éan be ﬁiﬁimiéedtn'The éreééuféf.
was uSuélly mainﬁained,at 15-20.t6rr dufipg ;ééctiops with iiquids;
The power output of the generator was ratéd'ét ;Db:wéttsf: 6per;tion.~
was at 20 to 80% power. A_discharéglfréﬁ a-Tésla'coilxwaélusedhéb'_‘.”
.start thevdischafge.'-Thereuwas no‘pfovision;availabie_fo;'monitoriﬁé

either gas f;ow'ratés.or singlet oxygen éoncentiations'directly.
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Thére were indications from lafer work using yiolahfhrone to monitor
singlet oxygen output‘that'optimum:conditions.were'15‘tbr? at]20%:
power in 10% oxygen in helium and three torr a£ 20% power in pure
oxygen., | ; |

The gés'stream paésed over a small'pooi,of mercﬁry ahead of
" the dischgrge.' A ring of mercurid.oxidé formédA60wn§tream\from ;he.
éischarge.:iThis is supposed fo remove atomiéVOQY§éﬂ 5y'éurface ééfa—:
lyzed recombination aha prévent its formétion of:ozpné,(Furukawae£
al., .1970). During.start.ups aftér the discharge tube had been
.clgansed (rinses of 3 N_nitric'acids, the tqbe hoi@ingttﬁe mercury.
was heéted,brief;y with a match_td.rapidly form,the~dxiae ring Eéfbre
substrate.was_placed inlfhe reactién flask.

The vacuum pump_wés protected by a dry ice trép'(iiéuid nitro-
X gen with methanol reactions) to rembve'waﬁer evaﬁorafed from liquia
reaétions. Dué-to évaporation.from aqueous solutibﬁé, 10;20 ml per
{ hour of water was added to maintain the %olume. The soluﬁions:wgfe
maintained ét 0-5°C. Eecausé of evaporatiVéhcooliﬁg, itlwas necessary .
to use a water ba£hiof”cooi (ca. 10-15°) water tp_wérm the reaction
flask sufficiently to prevent freezingt{;

Reactions which. used solid;éubsyrétes and céntaihed nolliquidé
did_not use a.cold trépt_ when the subStrate was érésehf as or-on a
powdef, theﬁ a glass lypholyzer assembly was. used éé é dqu t?ap té

protect the pump. The gas stream entered the lyphpiyzer at‘the
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bottom, through one of the ports provided- for attachment of samples
to be lyophilized, and exited at the top permitting dust opportunity to

settle.

Instructions for Operation of the Reactor

1. Assemble the reactor as shown in the figure. Don't place
substrate in initially. Be sure small (5 mm diameter or greater) pool
of mercury is in the mercury source. Use only Vycor or equivalent in

the discharge tube due to thermal stress. Pyrex won't work.

2. Align the dipole antenna of the modified Type-C antenna
parallel to the Vycof tube as far upsgream 9# the'narrow part of the
tube as possible. The dipole should be as close (1=2 mm) as possible
without touching. éover the open side of.the antenna with aluminum

foil.

3. Align the air jets to blow, as nearly as possible, on the .
dipole and the part of the tube next to it. ‘Turn on enough air that
it seems noisy. The jet can be conveniently constructed from a plas-
tic 2 X 15 cm drying tube fitted with end caps which have tapered
nipples for attachment to gas hoses. Tape the caps §n._ A disc of
thin, open fine pore sponge rubber in thg tube makes a good low-
pressure-drop fi1£er. Use the nipéle at‘one end fo£ the jet and at-

tach the other to the air line.
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4. Make sure that all connectors for the ﬁower qnit's coaxial
cable are tight. The "Range" setting shoqld be at "CWﬁ and the "Rad-
iate" switch down. Turn on the "Preheat" switch. If the "Standbf"
light does not come on in 2~3 minutes, recheck the cable connections
at both the antenna and the power unit. There is a safety interlock
on the unit which prevents the "standby" from coming on if the cable
circuits are'not clqged. If the power is turned on when the antenﬁa
is not properly connected so that the'power can be radiated, damage '

will occur to the main microwave power supply magnetron.

5. Evacuate the sysfem and 'check for air leaks. With the
pressure as low as possible (less than five torr), turn on the "Radi-
ate" switch. The red light should come on. Aajuét to betwéen 26-80%
powef.' Do not opefate over 100%. Rarely, a aiséharge will be-noticed
in the.tube at this point. If not, bring a Teslé coil (or other high
voltage corona discharge source), adjusted to give a slight corona,
near the Vycor tube. (Touch the Eubé if necessary); Don't grouhd a
spark into the antenna. If a discharge doesn't start, then check the
power setting (the meter sticks:. tap on it) and the antenna align-
ﬁent. Turn off the "Radiate" before adjusting the an£enﬁa. Radio-
frequency burﬁs aré‘supposed to be nearly-painless and bloodless,.but
rather smoky and smelly from pyroiyzed protein (Qwen, 1973). When a

discharge starts, a dip in the "percent power" reading of the meter
g _ :
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will be nofed. The larger the dip, the better the power 1is cqupling
to the dischafge. This quality.of coupling does not seem too important,
except that it is easier to keep a discharge going with good cbupling,
as any discharge whatsoever seems to produce ab&ut the éame amount of
singiet oxygen. While the heat output and stray microwave~fields.are
less a£ 20% power, the discharge is less stable therg £han at 40%.
There does not seem to bé aﬁy reason to operéte it at higher settinés;
If a discharge will not keép going at 40% powér, at pressures less
than 10 torr, check the antenna alignmént and the cleanliness.of the
inside of the Vycor tube. Grease or too much mércuric oxide deposit

can interfere with the discharge.

6. Adjuét the gas source to give about three torr with oxygen

or 20 torr with 10% oxygen in helium.

7. On initial start up, when no mercuric oxide ring has
formed, heat the mercury source with a small flame (match) until a
yellowish film is noted downstream from the discharge. A smaller ring

will form upstream.

8. At this point, the discharge will be blue if very pure oxy-
gen is used. Traces of hitrogen, either from the tank or from air
leaks, will give it a pink color. If a yellowish glow (dark room) is

noted downstream from the discharge, distill more mercury by heating




32
until the glow leaves. The yellow glow seems to be due to a reaction
between traces of atomic oxygen and traces of nitrogen oxide, NO, and
is very sensitive according to the literature (Bader and Ogryzlo,
1964). It may be necessary to check for this and reheat the mercury

from time to time on long reactions.

9. Once an oxide ring has formed, turn off the “Radiaté".
switch and release the vacuum. Place dry ice—adetone"mixtﬁre in tﬂe
trap if a liquid substrate is used. Seal the substrate in the re-
action flask, either the 3 X 20 cm tubé or the 500 ml lypholyzef flask

depending on volume requirements, and repeat the start up procedure.

10. After a few hours of operaﬁion, mercuric oxide deposits
will become thick enough to interfere and should be removed with 3N
nitric acid rinses. Reform the initial HgO film before exposing sub-

strate.

11. When using water solutions at 20 torr, the low pressure
evaporation may cause ice formation in the.reaction flask. A beaker
of cool water as a bath will prevent this. It is'usually necessary
to make up evaporation losses every half Houf or so. Ice deposité in
the dry ice trap wi;l eventually prevent further operaﬁion until they

are removed.
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12. when using dry reactions, a tuning spot of a small amouﬁﬁ.
(0.1 ml of a 5 mg/50 ml solution of chloroform) of wviolanthrone on
filter paper taped to the inside of the reaction flask is useful for
adjustment of pressure and power. Singlet oxygen outpu; is maximized

at the brightest red glow.

Oxidation .0of Model Olefins by Microwave Generated Singlet Oxygen .

2,3-Dimethyl-2-butene (tetramethyléthylene, TME) and 2-methyl-
2-pentene (2M2P), (both obtained from J. T. Baker, "Baker Grade“j[
were oxidized in methanol using the microwave reactor. The follqwihg
reaction conditions were used: Two to four grams of the olefin were
were dissol&ed in 30 to 40 ml of methanol. The reaction flask was -
cooled in a dry ice-acetone bathi The trap, which used dry icelin‘
the aqueous operations, was charged with liéuid nitrogen. The samples
were oxidized for from two (TME) to four hours. The specific 6per—

ations are described below.

A. 2,3-Dimethylbutene (TME): Two g (0.0238 mole) of TME was

added to 30 ml to methanol and oxidized for 105 minutes. The soivent
was evaporated on a steam bath until abouf 5 ml remained. The solu-
tion was éooled in an ice bath anq 0.7 g (0.0186 mole) of sodium boro-
hydride was added to reduce any hydroperoxides to the corresponding
alcohols. The preparation was allowed to warm slowly and sat over-

night at room temperature. Fifteen ml of methanol was added and the
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solid residue was filtered out. Samples were analyzed'by Qapor phase

chromatography (VPC) and mass spectrémetry.

B. -2—Meth§1—2—pentene (2M2P): Two g (0.0238 mole) of 2M2f
was added to 27 ﬁl of methanol. The sample Qas oxidized for 4.5
hours. After oxidation, the solution was cooled in a dry ice bath
gnd 0.5 g (0.0132 mole) of sodium bordhyd?ide was addgd. ‘The solution
was kept cold o&ernight in a dry ice bath then allowed_to warm slowly.
Sediment was filtered off. Saﬁples were analfzed by VPC and mass .

spectrometry.

C. 2-Methyl-2-pentene: Four g (0.0476 mole) of 2M2P in 40 ml

of methanol was oxidized for four hours. The methanol solutién was
evaporated to a volume of about 2 ml using 40° wéter ba£h and- vacuum.
1.2 g (0.0045 moie) of triphenyl phosphine was added in about 50 ﬁl
‘of diethyl ether to reduce peroxides. Sampleé of this material were

analyzed by VPC.

Dye Sensitized Photooxidation of Model Olefins

The same two compounds that were oxidized ih'the pfeaeding sec-
tion were photooxidized‘using rosé bengal as a sensi£izer in order to
provide ‘samples of product alcohols for comparison. Iilﬁmination'was:
provided at a distance of about 15 cm by a 150 watt G.E. spot lamp.

The samples were pléced in a 150 ml erlenmeYer flask which was flushed
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wifh pure oxygen in dim light and connected £o a one li£er gas bufet‘_'
fillea‘with wate;‘vapor,saturatea éxygen.- The flasklwés_cooléa in a
water bath consisting of.a 500 ml béaéer filled with Qatgr and a copr'
per coil whichvﬁgs'immersed-in the water and connected to'thé-tap |
water line. Temperature were maintained ét:25—30°b., TheAsampieS'were
stirred magnetically; Illuminatioﬁuwas thro;éh the siée of thejflésk.
The course of phétooxidation was followed by oxygeﬁ'épnsumftioﬁ._
ﬁhen pxyéen COnsumption had essenﬁially‘stQpped, Fﬁefsolutiong*Weré
péurea through.a_fhfee cm bed of A;QS ﬁEAESephadéx. Tﬁeperoxides were
reduced with sodium borohydride;' Mass sfeétrél ahd Vfc:analyses_we;e
made éflthe solutiéns. In the cése of ?MZP, special attention was
paid to the pf&duct fatios_of the éroduct:glcéhois._ An'authghtigj'_‘
commerciél sample of 2—methyl—l—pentéﬁe—3;éi‘(Aif;ed Bader Chemicals)
was analyéed by the same techﬁiqqes.

.Specific reaction conditions were as follows:

AL, 2,3—Diméthylbutene (TME): One g (0.0i}g‘mgxe) Sf TME
was mixed in 30 ml of ﬁethanol‘wifh.lb mé‘of rose beﬁgél. 'Thé salu—
tionnconsumea 354 mi of pxygen‘at‘é5? aﬁ§‘64Q tor£f(0;6124'mol§)'in
two hpurs with rio more than two_mi vériation‘in the.néxt half hour.
Sodium bofohydride (5.45 g, 0.019 méle)-was added, after removal éf"
-Fhéydye, and the éol?ﬁion was aliowed;to Stéﬁd ovérhighﬁ. The'éhly

- analysis made of this preparation Wés by VPC.
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2. One gram of TME (0.0119 molé) was aiséolved in-26 ml of A
methanol with 10 mg of ro;e bengal;. The solutiop cbnsumed 330 ml of
oxygen -at 650 torf_and‘25° (0.0115 mole).._Thé dye w;s removed and |
0.45 g (0;019 molé) of .sodium bordhydfide.was édded. ‘The solution
wés.not cooled before addihg the reducfant-and-about a‘third of the
solution was 1ost'dué to overly Qigorous rgac£iqn. Thé'gélutidﬁ‘wéé}
neut%alizéd Qith hydfochloric acid, filtefed éné.distil;éd. Mdst_of o
the liquid distilled between 61 and 768}-pékéﬁ in éeverélﬂfréctidﬁél
Most‘of the product_ééemed to be iﬂ‘élo;3 ﬁl'fractioh fakeh at 84—é6°h
"-jﬁét before dryness. This materiai was‘usea fof comparison with the
produéts of the microwave oxida£ions.i'VPé andu@ass épgqtralfanalfses '

 were performed on this material

Bll._ 2-Me£hyl—2—pehtene: o grams ofHZMZE (0.0238 mole) was

mixed with 20 mlaéf ﬁefﬁanol ahd 10:mg of”résé Béngél. -fhe'éoiution
consuméd.690.ml of oxygen inAl3 h9urér%t‘640 £dff ahd‘259 (0.6221 |

. mole). -The_dye‘wés removed. The solution was not cgoléd“furtber‘énd
when 0:9 q.(0.038‘méie) of éodiumlgorqhydriaé was ad@éd!_it‘fqaﬁed up
‘and about halfnwas‘iéét. The rémaihdé;”ﬁaé iéffiéététéd éfe;ﬁiéﬂt; '1

filtered and analyzed by‘VPC and.ﬁass‘épectroﬁetry;
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Results of Oxidation of Model Olefin Compounds hy~Microwave Generated
Singlet Oxygen and Comparison to Dye Sensitized Photooxidation. .

The sole goal of this block of work was to determine if the

microwave discharge reactor was 1ndeed generating Singlet oxygen. Two'

model olefins were used, 2,3 dimethyl 2- butene (tetramethylethylene,‘ .

’ TME) and 2-methyl-e —pentene (2M2P) ‘The,TME is not-a good choice for.

© a study of this type as it gives only one product with 51nglet oxygen,

2,3- dimethyl 3~hydroperoxy—l butene. The samé product can be gener— .

ated by free radical'mechanisms (Eoote, 1968). The 2M2P offers the

advantage that, while less reactive than TME, it is more diagnostic.

It yields two products,:2—methyl*3—hydroperoxy—lapentene'and~4—methyl:.

4- hydroperoxy—2—pentene whlch are formed in nearly equal amounts in
-51nglet oxygen reactlonsz The hydroperox1des are reduced to the cor-
responding alcohoi,for.analytical purposes.

,in the first oxidationlof_fﬂﬁ by rose bengal sensitized photo—‘
okidation (as described in the precediné'section)'after an eguimolar
amountlof oXYgen had:been consumed,‘orfgen consunption ceased.“ A éas
:.chromatographic determination of the.product,‘after reduction.andtre—.
'2‘moval of the dye, showed only one peak appearing much after both the -
Vstarting material and the methanol solvent.
| In the second photooxidation of TME; again?an eduinolar'amount
of oxygen was consuned with little“further_detectahle consumption.

The gas chromatographic'determination of the:product alcohol matched
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that of the first oxidation. A mass speqfrum of thisnwéé intefpretéd i
as,béing'consistent‘with the expecféd prgducf:.'

When TME‘ﬁas oxidized in the micrqwavéireactof,.yields were
low (eétimated as 10%.or less of the starﬁiné'ﬁatefigl).but the oﬂly
.product observed matched the phoﬁooxidation prodﬁct @éth gas chromaéoé
graphicélly.and mééé:spectrally; /
‘ Thé résults'of the comparison egidétion of'2M2P=suppofted thé'
presencé of siﬁglét oxygen in the ﬁié;oﬁave feacerf;:Tﬁe only p?opé
lem thaf'migﬁt:bg opén to questiép‘is the:pfqaﬁcf iatios; IT&& proaﬁét o
alcohéls Qeré‘dbser§éd i# both t?peé-qf qxidétion. .In,tﬁe case of
the phofoé#idation, the ratio of the firétlto fhe sed&nd peak‘froﬁ
the VPérwas 1:1.05, which is very near‘the,valﬁe reportéd in.£he'iit—
-erature (Fdote an& Denny, 1971). 'The fatio‘was 1:1.16 t§ 1;1.20 Qith"
the microwave reécfdr. E: cénnpt definitely acqouﬁt for the diffe;—”.‘
-énce; I can ﬁote, however, thgt the more volatile (first chromato-
graéhic peak) product is in lowest yiéld,{which may be é_factor~in
this tybe of low bréssure 1iguid ;eacfién_éysfémr; Fostéiépdibennyu'
did‘note varianceé,iﬁxthe r;tio‘of Mup. to 26%“ inxthei% étudf ofifhe.
: effect,of different.églvents on thé dyg:sehsitiged'photqqxidatiop:of‘:.
2M2P and ‘Peters ep'al__(l972) ﬁéted a ratio of '1:1.13 for the .reaction -
‘ with potéssiumiéépékgéhroﬁate gége¥ated‘sing;eéloxygen.
The mass gpectfaAof éhe pf@ducts from both éegéfion systems

matched for their respective peaks. The éﬁéctra were assessed as
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béing-cbnsistent with‘the ekpeétéd Eyéducfs. The first peak froﬁ the.
gas chrématograéh Qas assiéned to 4—methyl—4fh§dfoiy—Z—Eéntené ahq
. the second to 2—methyl-3—hydrox§—l-pentéﬁe. An authentic sampie of.
the latter proved tolhave the same masé spectrum.

| | The evidenéé supports the conclusidn thaf the'ﬁicrow§ve,;ééctor f:_
generates éiﬁglet ox?éeg. No aéhér”prQAudté weré-ﬁqte&;- é}ééﬁégé' ‘
products woﬁld be éxpéc£éd if ozoné'wéfe a éigﬁifiéqnt ?:oéuct:bf‘tﬁe

reactor.

Hydrolysis of Proteins in Preparation for- Automatic Amino Acid
Analysis o )

Bofh acidic and basié-catalyzgd.hydrplyses~0f ﬁroteips were
used in these studies. - Acid hydrélysié'used eithér six N hy@rochlo—'
ric écid or two N méthanesulfoniqﬂaéid with deoxygenatéd.samplesp‘
Methanesulfoniq.acid has been shown'to'QiVe sﬁperiorvT:phrééovery.:
Basic hydrolysis used 3.3 N sodium hydrpxidé. fhé'fol;dwing pro-
cedures were ﬁsgd With aﬁy imporfént‘giceptions:nqﬁed_in aesc;iptions

" of individual gXpérimentsm

.A;l.. Aqid hy&rolyéis with hydrochlofiq acid.. Ohe'mlAéf the
prqte&n solution, geherally éontaining‘l—4 mg of bfotein in diSEilleﬁ )
wéter, wés ﬁlaced in a freshly_élééned and‘héat"driedicafius‘tube.or
necked ‘down 20 ml iéniti;n_tuﬁé. One ml of 12 N hydrochiofic acid

‘was added. The lower end of the fube was placed in a dry ice-acetone
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béth to ffééze,the.contents. It was then e&;cuated by means of a
véduum pump and, while sfill undé£.vacﬁuﬁ, wqrmeg slightly until
melted. This melting was usuallfﬁaécompanied by"swiriing on a Vortex
type mi#er.~ If frozen before evééuation, foaming éfoblems are mini-
mized. Maintaining the vaéuum, the saméle was frozen and théwed.with
swirling'twice‘more. The tube w;s seéled by draﬁingltﬁe neék out |
.while heating'with é_natpr;l gas;QXygen forch; all tﬁe while m;iﬁ—
taining'the.vacﬁﬁmm~ Theramples were then blaced in a sand bath in
aﬁ oven or oil baﬁh fhermostat at the temperatures and for the times
- noted, ustally lOBflld?Cffo; about 24uhéqrs;  Aftér’heating,tﬁe tuﬁes
wére removed, cooled and dpéned bylééoriné with a file.apa Breaking.
The'saﬁpies.and Washings were txaﬁsferred by méans of Pasteur pipettes
. tolémall beakers or pottles of 5-15 mi.;épacitylandAone or moreé cm
.moutﬁ width (to provide»é gpéd free pa;h for‘evaporatioﬁ)rA'Thé,beaker
waé theﬁ~desiccatea-uﬁder vacuum in the presence of desiccant}and
'sodium-hyaroxide pellets. lWhen eri a few ml’of water;wereaddgd énd
the desiccgtion,;q_drynesé was répeated; '$he'$amplenwaé Ehen_takenl
ué in pH 2.2‘citpate.0.2 M s;dipm ion automa£ic amiﬁoiacid analeér.
1qaaing~bufferi_.fhe dilution at this p@iﬁt.deéendgdfqn thg objective:’
éf.the ekpefiﬁent bht_typically w@éif?om fiﬁe ml for one mé of'sﬁarﬁ—

ing éerein to 25 ml for four, mg.
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2. Acid hydrolysis with methanesulfonié écid.',The précedure
is simiiar to hydrochloric acid hydrolysis with the following differ--
ences. One ml of the saﬁple solution, containing up to five mg of
protein is mixed with one ml of 4.Nlmethanesulfoﬁic aéid containing
0.2% 3-(2-aminoethyl)-~-indole (Piexrce Chemical Co. produét no. 2—5660
furnished in pre—scpred one ml ampulés ﬁnaer nitrogen) in a Carius
(etc;) tube. The samples were deéassad and sealed as described in
(1) . Heating typically was for 24 hours at 108° in aﬁ 0il bath. The
samples were then cooled, opened and ngutralized (to.pHydrion papér)

- with 4 N sodiﬁm_hydroxide and 0.5 ml of saturated citric acid was
added. Methénesulfonic acid is not very volatile and can not be re-
moved by desiccation. The solutions were taken up in pH 2.2 loading
buffer. .Due to the salt concentration of the sample, about three ml,
1;3 M in godium, it is desirable to dilute the sample as much as pos-
siblé at this point to avoid disturbances in peak timgs,on the analy-
zer. The effect of increased salt is to speed up most amipo acias
which not only compliéaﬁes identification, but may céuse loss of

resolution.

B. Basic hydrolysis with sodium hydfoxide. While many amino

'acids'are destroyed to varying degrees, Met and MetSd usually can be’
recovered in good yields by this technique. Aéid'hydrolysis tends to

reduée MetSO to Met. The method was adapted from Jori et al. (1969b).:




42

One'mlzof‘the p;otein sélution,:usually qontaining fivé'ﬁé of protein,
was mixed witﬁ one ml’of 6.6 N sodiuﬁ h&droxide,iaé céfbbnaté ffée aé
possible, in a four ml screw cap Tefibﬁ vial (Miséo §Ciehtif£c, Cat.‘
no. 0—9980). Thé égmples were not:Qegéésea. The vial Was capped and:.*
clémbed in a c-ciéﬁp‘uéing coins, égnérally nickels,-ﬁbr'shiﬁs.z This
was found to ﬁe neceésarf as the seaL on the viais Qas'othefﬁige'unde—
pendable. The assembly was then pléced in a 6i1 ba;h,.usually at -
108-110° for 24 héurs. After removal and ébo‘lihg, :O..'6-‘-O..7-lml of 12N
hydrochlorié acid was added and the:sqlﬁtion was vacuum désicéétéd'tq
dfyneés.wiﬁh sodium hydrqxide and‘desicc;nt. :A féw_mi éf water w;é

. added and the desiccation was repé;ﬁed._-The samblgstere takeﬁ\gp-in
pH 2.2 gitraﬁe loading bﬁffer ana diluteq_éo,.usually, ZSImi'to 1o&eri

_the salt concentratién_as much as possible.

Enzymatié Activity Assays

A. Activity énalysis of 1ysozyme; Two different techniques

“were used. Both were based on the tufbidoﬁetric méasﬁreﬁent of the
degree'of clearing of suspensions of Micrococgus lysoaeikticus. Init-
ial work used a technique referred to Jori et ;i.‘f1969b)1éﬁd'Qg;
cfibed by Sﬁoleis and Hartsell (1549)., The bésicxéndceduré_is £6 mix
gtéhdéfd amounts of:; M. lyéddeiﬁtiqus sﬁspensidn wiﬁh énzyme, waiﬁ"‘

e a.sét time;¢§0 to SQ_minutes, andﬂqétermihe.thé abgp?ﬁance 6§ theAsu;;

‘pension. This techhique is unsatisfactory. It gives usable results -
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only over a very small range of enzyme aetiﬁity with.considerable var-
ration between duplicate determinations. The second.technidue tollows
the procedure of Gorin et al. (197i); ‘In this, the .initial rate of
clearing ofla:suspension was determined. This.method proved much more

satisfactory and was used in later work.

1. Set time assay of Smoleis and Hartsell (1949). Assay

" buffer was prepared‘by dissolving 13;8 g (0.1 mole) of sodium dihydro--

gen phosphate,monohydrate to one Iiter'in distiiied water and adjust-.
ing to pH 6 2 with dllute sodium hydrox1de. Cellular'snspensioné'
were prepared by maceratlng approxlmately 40 mg ot spray drled M.
lysodelktlcus cells (Miles Laboratory),control no.-79) in buffer and
diluting to 100 ml. These concentrations have‘absorbances of 0.6-0.9..
Standard lysozyme eolutions were prepared by dissolving 20-30'ng'of
chicken.egg white lysozyme (Sigma 3X_recrystaiized) inlio nl bfvdis;
tilled water or the bnffer and filteriné through.a.0,45 Um Mil;inore

filter'using a'Swinny.adapter. 'The‘selution was diluted to give

- 10 15 ug/ml of 1ysozyme, as noted..'The concentration wasuchecked by

determlnlng the absorbance at 280 nm and using the value of Canfleld.;
(Jori et al., 1969b) of A so = 26-4; A standard curve nas prepared
by addlng 3.0 ml of cells, and 0.1- 1 0 ml of the standard 1ysozyme
solution, maklng up the dlfference to 4. 0 ml total w1th buffer. The

absorbance would be determined at 540 nm in 30-50 min. This gave
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Figure 5. Standardization curve for the lysozyme assay of Smolelis
and Hartsell.
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values from approximately 1 Ug/ml of lysozyme to 10 ug/ml. The un-
known solutions were prepared; usually after gel filfration, as ﬁoted,
by determining the concentration by the absorbance at 280 nmi and
using the perhaps unwarranted aséﬁmption-that there.wquld not be much -
Trp loss while any acfivity remained. The solutions were diluted:to
10 Ug/ml and several amounts of each; e.g., 0.1, 0.5 and 1.0 ml were
added to 3.0 ml of cells and difference to 4.0 mi was made up‘with'
buffer. The same time would be used for all solutibns,vstandarq and
unknown, during a determination. Absorbances were'determined:using»
either a Beckman DB using 1 cm cuvettes or Spéctfohic 20, using
tﬁbes. All temperatures were room températurés and were maintained
fairly constant du;ing a determination.’ A graph of absorbance vs.
ug of lysozyme sténdard shows a fairly‘steep iinear relafionship from
O.to 4 Ug but above five Ug the curve flattens out, permittiné much
less.sensiti#ity. Rééﬁlts for_unknown were reported in Ug equivalénts
of.lysozymes standard activity per 10 ug of lysozyme. Figure 5.shows

a typical standardization curve.

2. Initial rate assay of Gorin et al. (19715,' The buffer,_-
17, was prepared by dissolving 10.37Ig of sodiﬁﬁ.dihydrogen phospha;e
monohydrate, 3.12 g éf disodium hydrogen phosphételand 0;§7é g of -
disodium dihydrogen ethylenedinitrilotetraécetic acid dihydra;e (EDfA5

and diluting to_one'liter. This has a pH .of 6.2 and is 0.1 M in
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. phosphate and 10_3 M in EDTA. . The substrate was prepared by macer-h
ating 20-25 mg of M. lysodelktlcus cells in 10 15 ml of the buffer,
using a fitted Teflon piston tissue homogenlzer, and dllutlng to

100 ml; The standard and unknown lysozyme solntions,-in buffer, were
prepared as.in the preceding section hnt to COncentratiens of idmte:
"~ . 100 ug/mil. Unknowns-were usually set:te:lodzugzhi; .In.someICases, as -
noted, protein concentrations were deternined bf.the Lowry method.

The'assays‘Were run by mixing-3;0 ml et the cells suspension

with 0.10 ml of the enzyme solution,.quickly mrxing‘and:transferring
to‘a 1l cm éuvette‘in a Beckman DU-2. The:absorbance[reading at 570 nm.
‘was started.within 40 secs. Using'a stop watch, the time necessary .-
for the absorbance to decrease 9.05 was measured.. Deéendinq on .the
cell preparation and enzyme concentration,'initial;readings weredtrom'
about 0.65 down to-0.50 and timeS‘varied from io‘sécé. to ever’ﬁive
minutes. The reeiprdcal_of the time was graphed‘vsf thQf standard
lysozyme added. This gave a linear range frome2 Mg to:20 ng. ‘The.'
non llnear decrease in tlme at values 1ess than 2 ug seemed due to
e warmlng of the solutlen in the DU- 2.because of the length of the t1me
'involved. All other temperatures.were roem temperature; IPrec1s1on

of this method, after practice, seems:goed. Approkimatew?regisienfwas
5%; Figure 6 shews a tyéical standardization enrve'obtained eariy.in

this work. With experience, very little data scatter can be achieved. .
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Figure 6. Standardization curve for the lysozyme assay of Gorin,
Wang and Papapavlou.
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B. Kunitz ribonuclease assay f1946)ﬂ; The method is baséd on
the slighf, 10—}5%, decrease in absorbance at.300 nm of soiuble ribo-
hucleic acid in pH 5 buffer upon hydrolysis by ribonuclease.. The
initial rate of.ﬁhis decreése‘is'propoftional to the conqentratidn of
enzyme. The method requires a very stable' spectrophotometer cépable
.of being read accurately:to_io.oog afjaﬁ‘abéorbanée\of 0.5;0;6.
Twehty—éix mg of yeast RNA (Sigma, type Xl, no; R6750,i16t 98B-8050)
Qas-diésolved iﬁ 40 ml of buffer RN (0.1 M pH 5.0 abetété). .The ab-
sorbance a£.300 nm Qaé'0.595. Two ml of £hi§\Wére ﬁixéd répidlylwith
0.160 mi.of the enzyme splution.ané_its‘abébrbance at 300 nm was fbl—:
" lowed. The‘activity assay is useful ovér finai concenffationé of
‘eﬁzyme in the 2.1 ml of from abou;hOﬂZ'to 2.0 ug/mlﬂ 'Aé soén after
mi#ing as possible,'usually 20 sec.,‘ﬁhe absorbance é£ 300 hﬁ‘Waés
determined and theﬁ at éne minute aﬁalintegfal minutes for ﬁp*tolqo
miﬁutes aepending on ﬁhe rate of dec?éase.' The gbsorbances‘wéie.
plotfgd agai;st:£ime ;na the initial élbée of Ehé déé?eaée.was_deter4‘

mined. The slopes were plotted againsf qoncentration of enzyme;

Gel Filtration on Seﬁhaaex G-25

When it was ﬁépessaﬁy to sepérété“;'smali moiéqulér Qeighélsub—:
stance, such as'é dye, pon—volatilé buffer 6? éalf'fromaa_éroféiny-gel h
pefméaéiéh:ehrométography W&s usgdgl Thé'géﬁéral teqhﬁique wéé as'foij

lows with specific exceptions noted'in.individﬁal expériments,_ A SQhﬂn
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buret with Teflon stopcock was used for the colﬁmn. Approximaéely ’
eight g of medium Sephadex (Pharmacia lot 390) was soakea overnight -
in the eluent, either water or 5% acetic acid, using several changes,
and poured into the column. This gives a 25-27 ml voiume bed. The
column was plugged at the bottom with short fiber fibérglass wﬁol.
One to two hundred ml of the eluent was run through the column to '
wash it and the level of liquid was'drappeq just to.the surface of the
packing. The sample was put on in‘ébout one ml of liquid and drained
down to the surface of the packing. One ml of the eluent was care-
fully added and allowed to drain. Several fractioﬁs were collecte@."
.Blué dextran comes through at from.10—15 ml with a peék at 12 ml.
Protein fractions were usually coligcted at from 8-18 ml. Hemato-
porphyrin Qas eluted around 50 ml. The columﬁ was then washed with
a 100 ml of the eluent to clean it for reuse. Sémetimes it.Qas.neces—
sary éo usé 10% acetic acid to remove hematopofphyrin precipitates.

Inactivation of Lysozyme in Solutlon by Ox1datlon w1th Microwave
Discharge Generated Singlet Oxygen : :

- The microwave discharge reactor»was set up as described. The
Evanson Cavity and 10% oxygen in helium were used. The-settings»were
" 30, torr preésure ana 75% power.

Fifty ml.of a 10 Hg/ml waterrsolution of lyéoéfme ﬁerg oxidizgd;-'

This concentration is appropriate to use»directly in the enzyme
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aQtiV%ty'essaY of énolelis end Hartsell.(l949)iso no further prepa-
ration ls.necessaryf. Five ml samplesA&ere withdrawn at 0, 0?5} 1.0
and 2.0 hrs. 'A_Spectronic-zo was used in'the assay; Standerd tubes
used 0, 0.1, 0.4 and 1.0 ml of thebsterting solutlon., Aliquot'of 0.2
and l.b ml of the 0.5 and 1.0 hour and 6;4 and‘l.O 51 ofrthe 2;6 hour:"
samples were used in the assay.

A control of the same concentration;ofjlysozyﬁe was run.etnthe
same conditions of pressure ana'tlﬁe except that thelmicrowaveséoner
was not turned on. Control samples were taken et l.b and:2.o hours.

Oxidation of Amino Acids by Mlcrowave Dlscharge Geénerated
Slnglet Oxygen

A. Photooxidation of amino acias.- For standards of compari—
'son,.the photooxidation products\offdje sensitized”photolebile-amlno
aci@s were prepared.‘ The amino acids and peptides.were.ﬁet,,N-}:"
acetyltryptophan (NAT), N-glycyltryptophan (NAG), N-benzoylhistldine
- (NBH) , frp, His and:es a control,_alanlne ?Ala) Rose bengal and
methylene blue were used es sensitizers.' In a typlcal reactlon, 0. lg
of the substrate amlno ac1d or peptlde was'dlssolved ln 50 ml.of
- 0.04 M pH 9 pota551um phosphate buffer. The dyewconcentratlons.were
50 mg/SO ml for rose 'bengal and 25 mg/50 ml for methylene blue. Dﬁr—»l
1ng photoox1datlon, the solutlons were aerated and stirred by a slou o
stream of flltered compressed alru‘ Illum;natlon was prov1ded by

either a 150 watt G.E. reflector sfot—lamplor a 600 watt Sylvania type
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FCB tungsten~halogen projector laﬁp’run.ét Bb%‘poWer](approxim;tely‘
:95 volts) by means of a variable aﬁtotgahsformer kséaeo model_3 PN
lOlOX.._The'solutioﬁs Qere illumiﬁafed at a distance of 10 cm thrqégh
%he bottom of a i25 ml Erlenmeyef flask ip an Sboiml béaker ﬁhich
éer?ed as a water bath. Cooling was provided 5y,immersing a coil of-
copper tubing connected to a water tap in-the bafh.‘ Tempé?étures’were
.ﬁaintained at 10-20°C;' Illuminatiéﬁ'fimes of'uﬁ to 250 minufes wéfe
used. Saméles were withdrawn at Various.timeSadufing the illqmi-

- nations fdr.analysis'by thin laye;'thoﬁatograﬁhy.l It if was cohf
~ sidered ﬂecessafy on a particulafisamﬁlg, thé‘ayesjwé;é;feméved b&
"running‘the saméle'thréugh an.aépropfiate'Sébhadex.KPhafmacié:Fine‘
Chemicals, Ing.? ion éxéhange resin. Two mifs of the.sample'solution g
were run through thfee'cm beds of the reéin, preequilibrated in thé
pH 9Ibuffer, inlsix mm disposable pipettes. Rose bengél Q;é removed
with A-25 cou;se DEAE Sephadex ana’methylene blge was ¥emoﬁéd.by é—SQ,

CM-Sephadex. The sources of ‘the amino acids and peptides are asbelow:.:

Sﬁpplier

Material - = Supplier =~ =~ _ Code . Lot Number
Glycyltryptophan : © 8igma Chemical . -~ .  G-3377 -10lc 3020
'N-acetyl-D1- tryptophan Sigma Chemical ~  .A-6251°  120c-0840
L-Histidine Sigma Chemical . .. .. -86B-0210
‘DL—Methlonlne c Mann Research. , . 6952 . $-=1852
3 ' ' . ' Laboratories I o
L-Tryptophan. - ' - Nutritional Bio-  1-1315  'not listed
' . - oo chemicals .Corp. s
DL~-Alanine o Matheson Co. . - 2223 not listed

N-Benzoylhistidine T prepared:as described below
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1. Preparation of'N-Benzoylhistldihe usiné the conditlons ’

of E. Flscher (1899) "His (2.8 g 0. 018 mole Slgma lot 86B- 0210) was - v

‘dlssolved 1n 100 ml of doubly dlStllled water w1th 13 g of sodium. bl-t ’
‘carbonatef Benzoyl chlorlde (7 7 g, O. 055 mole) was added in . small .
jportions,With“stlrrlng. The solutlon was extracted'w1th,50'ml of :‘
dfethyl ether'to remove unreactedibeuzoyl-chloride} acidiffed‘ahd-

allowed to stand.' The only product;obeerved maeran lntractable'oil;

" No further work up was done.

2a. U51ng the condltlons of Stleger (1944) Histidine.

hydrochlorlde (4 2 g,.0.02 mole, Baker, code N342 1ot 2~0106) was
dlssolved in 80 ml of 1 N- sodlum hydrox1de (0. 08 mole) and cooled 1n.'
“'an'ice bath. Benzoyl chlorlde (2 9 g, 0 0206 mole) was added 1n.small
-portlons over half an hour with stlrrlng. After all the benzoyl
chlorlde had been added, the,solutlon wae allowed to warm to room

‘ temperature and sat for an addltlonal half hour wlth contlnuous mag—'
'netic stirring; The - solutlon was- extracted w1th 80 ml of dlethyl
"ether and then. ac1d1f1ed to pH 3 w1th hydrochlorlc ac1d "A whlte.prer'
c191tate formed whlch ‘was flltered off The pre01p1tate was. extracted
with.small.portlons of*petroleum ether and'recrystalllzed from hot
waterf' Alr dried on' a Buchner funnel, the meltlng p01nt was l12-:
'126°c, ThlS materlal seéemed to.be ben201c acid, mp 122° '~The pH‘of,{

the mothen liquor from the crystalllzatloh was;adjusted.to;4-5? to
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approximate the estimated isoelectric point of N-Benzoylhistidine,
and the solution was boiled down to about 25 ml.and allowed to stand
overnight. A second crop of white crystals was filtered_off and air
dried on tbe filter. Yield 0.58 g, mp 233-245° with decomposition.
The crystals were washed with 60_m1 of hot acetone and 40 ml of hot
benzene by boiling. The insoluble crystals we?e filtered off and
air dried. The melting point did not change. Reportéd melting points
of NBH, 249° and 230° b& Shriner e£ al. (1956) (origimdal source
unknown). 'Thin layer chromatograms of this materiél were unreactive
with ninhydriﬁ, reactive with the Pauly reagent and quenched'fiuores—

cence, which is consistent with NBH (Tomita et al., 1969).

b. As in (a.) with the following exceptions. The His
hydrochloride was Aissolved in 40 ml of 1 N sodium hydréxide (0.02
moles of His*HCl énd 0.04 moles of NaOH) gnd 0.02 mole of benzoyl
chloride was added with 20 ml k0.02 mole) of 1 N sodium hydroxide in
small portions over half an‘hoﬁr. . The solution was allowed to sét,for
half an hour with stifring and thép exfracted,with two 40-50 ﬁl por-
tions of ethyl ethe;. The pH was adjusted to about 40‘and the solution
was placed in a refrigerator for three hoﬁrs. " The crop of white,*léng
'ﬁeedle-like crystals were filtered qff and wﬁshéd twice with 10 ﬁi
portions of acetone. Yield: 2.67 g (51%) mp 244~246° with decompési—

tion. The crystals decrepitate at 110-130°.
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B. Oxidation of amino acids in solution by microwave gener-—

ated singlet dxygen. The same amino acids that were photooxidized. in

the preceding section were oxidizeé using the same pH 9 potassium
phosphate buffer-and amino acid or.peptide concentrations. This con-
centration was usually 0.1 g/50 ml. Reacbions were run in the micro-
wave reactor as described. Settings were at 15-20 torr and 80% power
using 10% oxygen in helium. Fifty ml of solution was placed in the

3 X 20 cm flask. Reactions were rub'for 150 to 210 minutes. After
3.5 hours, it was usually necessary to disassemble the equipment for
cleaning as mercuric oxide and ice deposits ha& built up to the point
that operation was difficult. The.gas stream was bubbled into sub-
strate solutions using a course glass frit. These conditions gaﬁé
very vigorous bubbling. At the endﬂof.a reaction run, the substrate
solutions were stored in a refrigerator abd'anéiyzed,by bhin layer

chromatography for ‘extent of oxidation and the nétﬁre'of the products.

-\

Thin Layer Chromatography of Amino' Acids

Thin layer chromatography (TLC) was used to énalyze some of the
results of sensitized photooxidations and microwave generated singlet

oxygen oxidations of amino acids.

A. Thin layer materials. A number of different thin layer

materials were used. Most of the work.was done using various solvents

with Eastman silica gel sheets with fluorescent indicator. Initially,
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.this“was EK 6060, théniafter a prqapct code qhanée, EKiljlél_Jvfhiéf
‘last.is alsé préécribed but apparéntlf chémicaliy equiv;;ént'to thé
EK 6660. A few gxﬁeriments used ﬁakerf;e# lB.siliq;:gel éheets.
Some work was‘aoﬁelusing Maéhefey—Nagel MN—quYgrém Iénex—25 SA-Na
sulfonate ign—exchangé resin TLC sheets. " This méterial'offeré.a TLC
appfdach which-is chemically analdgoﬁs to thg éolumn chromatographf'
of ﬁhe automatic amino acid analyzér. Buffers of the same.generél

types as used in analyzers are used-as eluents. ‘Some work also used

‘MN-Polygram Cel 300 microcrystalline cellulose sheets.. In one sefies'f

ofldeterhinations uéing,phenol based.eluent; freshly-p:épare& gléés
?Lé’giliéa gel-H plates were used as1ﬁhé‘EK 6060 ié:dééomposed_by” :
.'phénol solutions. | | -

| Theée,plates were prepared‘by‘fapidly grindinglld‘g‘of silicé,
gel-H (Merck;barmstadf prepared according to g;ahl) wi£h'zslﬁl of |
'watef‘id a mortar uhtil smpoth._-This was then poured on very clean,
dry‘ZO'X_2d cm glasé:plaﬁeé and sméothgd down With-a one.cm diamétér
r glass roa.. " The siaes ;f thglplates Wéré éhimmed.wifh,two 1ayexs,6f
black‘plastic electricians ﬁape (U.P.AT‘Inté;patignal) £o givé"iayers
. .-300~400 um:thick, Thé,plates weré_gir dried,ovexnighézﬁeféfe ﬁsgé-

but not heat activated. -

B. Containers. Chromatdgraphic'develoéments were_run.in.twoi,

different types of'jars, depénding'oﬁ the sizé of the sheet-or pla%eh
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The,éo cm‘lohg sheets ot.plates, of Whatever'width, Wexe developed in
12 X'24 x 23 cm rectilinear fbattery" jars covered with glass plates.
Small strips of sheet,‘and in one case'oarboxymethyl cellulose layers'
on microsoope slides, Were run in heakers covered'with watch glasses.
I The most commonly useo were tall form 180 or 200 ml beakers about
11.5 cm tall. Both the jars and the beakers were lined, to the ex—.
teht of 50-80% of. the c1rcumference, with sheets'of'fllter paper
whlch were.saturated w1th eluent to permlt rapld equlllbratlon of the
vapor phase. Durlng early work, the spotted sheets or plates were
alloweduto stand in the'jars, before;dlpplng 1n:the eluent(:fot‘per—'
iods.of from two to‘lz hours, to pre-equlllhrate_the.layers with the
eldent.vapor. “This practice'proved'to be'undesirable due:to‘spot
'spreadlng, espe01ally laterally. - Resolution seemed.as good oflbetter,-
and detectlon was more sensltlve with 1mmeo1ately elutlng the plates .
: when they,were placed in the jars_..Thete_was some dlfflculty_w;th

. uneven fronts.

C.. Eluehts. The follow1ng solvents used w1th gilica gel
BN Butanol-Acetlc a01d-Water(4 l l by vol )
2. t-Amyl alcohol—Pyrldlne-Water(35 35: 30 by vol )

'f.3. Methanol~ Chloroform—l79 ammonlum hydrox1de(40 40 20
by vol ) : . . .

4. Phemol-Water (75:25 by wt. on fresh Silica Gel-H)
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5. 96% Ethanol-34% ammonium hydroxide(70:30 by vol.) .

6. Propanol—34% ammonium hydroxide(70:30 by vol.) .

7. pH 4.25, 0.067 M citrate buffer.on Tonex—-25-SA

All of these solvents are déscribed by Brenner et al. (1965) in
"Thin Layer Chromatography" edited by Stahl. They-recomﬁend solven;s
1, 3 and 4 fér the best general resélution of amino acids and‘the :
experience of this work tends to confirm this. Solvent "oneé" proved
to be.the most generally useful ("three" was unsfable:dué to';oia-
tility and phenol presented handling broblems besides requifiné glass
plates). Solvent "one" will occasionally be referred to by the
acronym'"BAW". |
The recipe.for,the solvents used with the MN~Ionex 25—SA;N4

were obtained from.the package inéért which referred to work done by
Devenyi. A p;e—equilibration buffer was prepared by diluting 1;10 a
.solution pomposed of 14.1 g of citric acid monoh&drate,.lz;é ml of
concentrated.hydrochlo¥ic acid and 8.0 g of sodium hydroxide.in oné
liter of water. The diluted s@lution has a éH_of aboﬁt 3.5 and é‘
sedium ion concentra;ion of 0.08 M. .The‘eluting bufferlwas a pH 4.25
éolution of 14.1 g citric acid'monohydrate; 8.0 g 6f sodium hydroxide,
8.4 ml of concentrated hydrochlo?ic acid, and,35.0 g of sodium cﬁ;o— .
ride in one liter. The sodium ion is 0.8 M.and'the cifrate is |
0.065 M. The sheet is chromatogréphed with the equilibrating buffer

for three hours (takes about an hour to go to the end) at room
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.temperétﬁre. The sheef is then air d;ied.at rsom'températufé;A The
: sémple is spotted on iﬁ‘a thin line andﬂéllowed.fo'Aky. .The sheet
is then chromatograpﬁéd with the elﬁtiné buffer:fdr two ﬂoﬁrs. 'Méiﬁ;
taining the chaﬁbé; at 50°C improves résolution. The sheet is évén

‘dried for 5-10 minutes at 100-110° before visualization.

D.. Visualization

1. .Ninhydrin: The amiﬁo aqids and'peptides which had é
,freé o-amino groupslﬁere viguaiized with niﬁhydriﬁ (Ninépray). The'.
freé aﬁino acids give the purple.(rosy.in“presénce of residual.phendl)
color while the peptides (thch do not havé an:éminé alpha to a caf;
boxylate) give yellow with less sénsiﬁivity. ' The ‘sheets Qere,thQr_
oughly dried affer éluting éhén sprayed'and heated for é fe& minutes,
either iﬁ a,lOOf éven or'by a hair drier—heat gun. :The exceptioh £o
the tho;oﬁgh drying‘waé with BAW, where it wéé'fouﬁd thét‘a sligﬁt :
residue of acetic aéid impréved‘aeﬁeloémeht. The ammoﬁia‘baséd'.
elueﬁts especially haa to‘be:removéa for good reéults.

2. Ehrlich's reaction for.tryptophan and its derivatives:'

This is'a general  color réaction-éflécidified 4—dimefhy1-aﬁin§-i
genzaldéhyde with indoie derivatiﬁes. If producés polof‘with‘a numbér _
of Qﬁhér struétﬁrgsr of épeciai intéreét‘here iS'thé'co;qr Witﬁ .

kypurenine (Kyn)- and its N”-formyl dérivative.  The feaéent wasfusea

in two variations. .In'early work a spray solution of one g of
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4-dimethylaminobenzaldehyde in 50 ml of ethanol plus 50 ml of concen-
trated hydfochloric acid was used. This was hard oﬁ-theléheets caus-
ing them to peel if care was not taken. Alsé, if ‘the 4~

dimethylaminobenzaldehyde is applied first, before acidifying, the

yellow Kyn spots appear more strongly. They fade somewhat upon acidi
fiéation when the purple Trp (indole) color develops.

To see the initial Kyn reaction, a 0.5% solution of the alde-
.hyde in 2—§ropanol (Merck-Darmstadt) was sprayed on the chromatqgfémS'
and allowed ﬁo dry. This will give the yellow Kyn colors. Then the
chromatog;am'was Placed in a jar of hydrogen chloride vapors for.from
three to ten minutes to develop the purple color.. If left in too
1op§, the Kyn. color tended to fade but it usually reintensified after

standing.

3. Pauly's reagent for histidine imidazole: This is a

aiazotizafion:reactiOn of the imidazolé nucleué (Brehner et al., 1965,
p. 488). Two sélutions are sprayéd: Sélution “opé" is érepared by_
slowly adding 25 ml 6f'fresh1y pfepared 5% sodium nitrite at 0° to
five ml éf 6.9% sulféniiic acid in 1.1 Mhydrochloric écid} Soluﬁibn
"two" is 5% sodium carbonate. .Salution "one" is sprayed'and ailowed ,
to‘diy slightly; While stil; moist, the chrom;tgéram'is sprayed with

solution "two". The intense orange color produced is quite stablé.
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.E. Abplicatioh.of analytee-* Analyteewwete‘applied to the:'
chromatograms by means of a Hamilton lQ ul syrihge eqdipéed:with an
ihoremental diepenset:(also Hamilton) whioh petmitted'ipe¥emenés of .
'approximately'O.Z u;: " Spots were ueually élaced 2.0—2.5 cm f;om the
bottom edge. .They were one‘cm eéett on unscored sheetsior plateef
IThe spot size Wes usuelly about tWO'mm'ih'diametef eﬁcept fo;_the':
Ionex~-25 Where a 1-x 5 mm line wae spotted. Aminovacids.and peptides -
wete spotted in water solution, except fot cystine and tyrosine whioh
were applled in 0. l N hydrochiorlc ac1d as they were not ea51ly sol-
uble in water; Solutlons of one Ug/ml to 10 Ug/ml were used. Usually
'an amount equlvalent to 10 ug of analyte was spotted w1th drylng by a

heat gun between 0. 2 ul appllcatlons

Effect of Slnglet Oxygen Quenchers .and Enhancers on Hematoporphyrln
: Sen51tlzed Photoox1dat10n of Lysozyme R

-.A. Experimental conditiohs were adepted trom Niieeon ehdi

" Kerns (1973). -

| 1. Lyso%yme;(siéma iot 93C—8000)'wee brepared by dieSOIvihg.-/
23 mg 1;60 X lO—6 moie in 10 ml of'distilied weter end'filtering
(Mllllpore HAWP O 45 Hm) . The solutlon was dlluted to 12 ml kapprox1— '
mately 1. 33. X 10 ? mole/ml) and equally lelded.' Hematoporphyrln wasd‘
'.prepared by dlssolv1ng 60 mg (8 9 X 10 -5 mole) of the hydrochlorlde in

) flve ml of ethanol (0 018 M) . Sodlum az1de was: prepated by dlssolv1ng

653 mg (10 =3, mole) in 100 ml of buffer. Slx ml of the‘lysozyme
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'jpreparatlon (8.0-X 10 " mole), 0 7 ml of elther the a21de or the Lz

buffer, for a control, and, in- the dark, O lml (1.8 X 10 ~6 mole) of

the‘hematoporphyrin. The solutions were.257'uM in dye!and ll4'uM in
lysozyme. The’ solutlons were placed in a 50 ml volumetrlc flask in
an 1ce bath and 1llum1nated through the bottom by a 150- watt spot
Jlamp. Samples of 0. 7 0. 8 ml were W1thdrawn at 0, 1, 2 4 8, le6, 32
and 4§ mlnutes. The.solutlons were gel—flltered, lypholyged,_aud

taken up in 344_ml of LZ.buffer. Note that the molar dye:lysozyme

ratio was approximately 2.25.

2. The proteln concentratlon of: these samples was deter-‘. -

mlned on 0.5 ml allquots by the Lokry Method, standardlzed agalnst
solutlons contalnlng 50-250 ug/ml- of lysozyme prepared from the stock
preparatlon in (1) The solutlonslwere each dlluted to 100 ug/ml

using buffer LZ and'the absorbance at 280 nm_was determlned.

3. The entyme’activitiés were,determined by the method of

Gorin. Standards..of 10, 20, 30, '40' .So,.. 60, 100,and 200 Hg/ml were

used;' All p01nts except 100 Ug/ml were'ln dupllcate. Four'determi-_:

nations were made at 100 uyg. A 51ngle determlnatlon apiece of the

- uhknowns .was made at each time p01nts.

.

B. Essentially the same as’ (A) using azlde,and 1, 4=

'.«diazabicyclo-z.2.2.octane.(DABCO) at one tenth the concentration as

i
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inhibitors and looking at the amino_acid hydrolyeis produees of the~
final oxidized material A pH 6.2 0.1 M phosphate buffer was prepared:
by dlssolv1ng 10.37 g of sodlum dlhydrogen phosphate monochydrate and |
3.12 g of disodium hydrogen phosphate eq onehliter. Lysozyme, 150 mg
{Sigma lot 93C-8000), was-dissolved in 100 ml.of the buffer. A 1:19
dilution had Azeo = 0.368, equivalemt to 96 UM in the sfock solution;
One hundred mg of hematoporphyrin dihydrochloride (1.5 X 10"4 mele)
(Fluka lot'701459) was dissolved in 50 ml of 1.2 X 10 2 M sodium hy- .
droxide (6 X 10_4 mole) to give 300 ﬁM dye. The inhibitors were pre;
pared in 10--2 M concentration by diésolving.65 mg of sodium‘azide and
112 mg é of DABCO in 100 ml apiece of the 6.2 buffer. 2an irradiation
mixture consisted of 24 ml of the'lysozfme solution (2.3 Umolés); |
2.5 ml of'the dye (7.5 umoles) plus'3:0 ml of either buffer (control).
or ome of the inhibitorsf The solutions were 76.pM in lysoayme and
250 UM in dye. The solutions were irradiated in a SQ ml volumetrie
flask in an ice bath ueéng the mirror-750 watt projector'cbmbination,
An air stream was directed over the surface:of the solution, which
was occasionally stirred; The pH ef all soldtions were 6.2. Samplee'
of 0.60 ml were withdrawn at.o, 1,.2, 4, 8, 16, 32, 64 and 128 mlnutes,
The samplee were mixed with one mi,of 10"2 M sodium-azide and dlluted
to 10 ml with LZ buffer. Because of the extreme dilution of the dye
in an assay, the dye was not removed befome analy21ng the enzymatlc-

activity by the Gorln method. Twenty—flve mg of M. lysodelktlcus
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cells were suspended in 100 ml of LZ buffer., Amino acid analyzer
codes were: control, acid hydrolysis 78é—74, base 789-74; azide, aéid.'.

790-79, base 791-74.

C. This experiment was similar to (B), the main differenqé
being ig_the buffer systems.used. The ébject of the expe;iment.wgs
to compare the relative rates of hematoporphyrin.séﬁsitized éhotq-
oxidation in deﬁterium oxide, waterland‘azide—water as.in Nilsson énd -
Kearns (1973). Deuterophosphoric acid_was.unavailéble,'so an acetate
buffer was prepared by the reactidn'of écetié anhydride énd deuteriﬁp '
oxide plus sodium aéetate. Controls wére prepared the same way With '

water.

1. Wafer~systems:, The buffer was prépafed by dissolvihg-
' 4

61.5‘mg (7.5 X 10_4 dee) of . sodium acetate. and 39.2 mg (3.7,X 16_
mole) of‘acétic anh&dxide'in water, made to 15 ml, anq.allowing_the
solution to stand an hour. This gives a 0.1 M buffer of pH 4.3.
Lysozyme was prepared by dissqlving_33 mg in‘eight ml of the buffer,
filterin§ (0.45 um Millipore) and dilutingtfo'le ml Qitﬁ_watef; _fhe-'
absorbance of a 1:10 dilution oflfhis,at 280 nm wés 0;423,~équiva1ent
Hto l.6,mg/ﬁl.(l.l X 19_7 mole/ml). ip the stock‘dilutién.h The hematq;
porphyrin ﬁndfazidefpreparationsufrom (A) were used.i Photooxidatiéﬁ
mixtures consisted of six mi of the lysozyme_(6.6'><.10“_7 mole), 0.1ml

(1.8 X lO_6 mole) of the dye and 0.7 ml of either azide or water.
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The mixtures were illuminated as in.(A) Approx1mately 0 5 ml samples;~ U

were taken at 0, 1, 2, 4, 8, 16, 32, 64 and 128 min. The pHS of the °
ffnal solutions wereIEbecked in each case, being 4.3Lfor the mater
eontrol and 4,7 for tbé azide. The sampies:were ge1 filtered} 1yphe—:
lyzed dlluted to 100 ug/ml (6.2 buffer), based on 280 nm absorbance,
and their enzymatlc act1v1ty was determlned. The proteln concen-—. |

- trations were later checked by means of the Lowry Method.

2. Deuterium system: The buffer was prepared by addihg

42.7 mg (5.2 X 10_4 mole) of sodium acetate and 26.4 (2 6 X 10 molef,'

to ll 6 g (10 5 mlL) of deuterium. ox1de (99 87 mole % D o, Blo—Rad
control number S—11981) and allow1ng to stand one hour. The pH was

. 4.75 with O. l M total acetate Lysozyme was prepared by dlssolv1ng

\ .
+ 23 mg in the buffer. The absorbance of a 1: 10 dllutlon of this 1n LZ _

‘buffer was 0.466,. qulvalent to 123 uM in the stock. ,The stock was
diluted 1:1.2 (8.8 ml to 10.5) with deuterium oxide to give the same .
concentrations (103 uM) as in (i).‘ Thelphbtoekidation.mixture was

6.7 mlL of the lysozyme (6.9 X 107/ mole) and 0.1 ml: (1.8 X 107% mote)

: of dye. ' The rest of the ekperiment was.as in {l). WNote that the:dye/ :

lysozyme molar ratios in these ekperiments were approximately-2¢6:l.

'3. Enzyme assay (Gorin Method) M. 1ysbdeikticuS<eells"

vere prepared by suspendlng 50 mg 1n 200 ml of buffer Lz. 'Lysoéyme"f

standards were prepared by dlssolvlng 30 mg 1n 25 ml of LZ and ;J.'""
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filtering. A 1:10 (5:50) dilution of this had an absorbance of 0.300
at 280 nm. This dilution was equivalent to 113 ug/ml. This dilution
was diluted 1:10, 2:10, 4:10, 5:10, 6:10 and 8:10 in LZ buffer as in
(). All standards were determined three times and all unknowns once,
except for 0, 4 and 16 minute points of the water only control which
were done in duplicate.

~ The solution; remaining at the end of photooxidation with the -
control and azide inhibited reaction were evapdfatéd in é ?otary'film.
evaporator to foﬁ: and two ml, reséectively.- The solutiéns were acidf
ified with hydrochloric acid until the dye dissolved. The protein
was precipitated and tﬁe dye. removed by mixing ﬁhe solutions with éold
aéidified acetone (;% hydrochloric acid) at the rate of two ml 6fsoiu—
tion to 12 of acetoné. The tubes were céntrifuged and the supernate
decanted. The protein was redissolved in two ml of water and repre- -
" cipitated twice. :Tﬁeﬂfinal pellet (V0.2 ml) was dried by a gentle air
stream and dissolved in two ml of water. The solutipns.at'this bbint.
was yellow—brown suggesting melanines or kynurehines: One.ml aéigcé
of each of the solutions was.hydrolyzed by mefhaneSulfonic acid and_
sodium hydroxide hydroiyges. The amins acid'analyzér run codes ﬁere:
_contrél acid 738—74,'£ontrol bése 789~-74, azide gcid 790-74 énd azide
base 791-74. The basic hydrolyses were run only oﬁ‘the long (acidic

and neutral residues) column.
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D: Essehtially the same as (C) with the following:differences.
The effects of a21de ahd deuterlum”oxlde were 1nvest1gated in both
pPH 4.7 0.1 M acetate and pH 6.2 O 1 M phosphate systems. A 51mpll—
:fled buffer preparatlon was used as 1t_was calculated that even in
the presence of O.l Mlphosphate or acetate prepared from,H+ contain~
ingvmaterials and IOOpuM lystome that the concentratfon of'hfdrogen
would be less than l.M vs.ﬁca;.llQ M for deuterium; which should
shorten the lifetime of:singlet oxygeh less than'ld%. The azide coh— .
centration in the.ihhibition reactionsiwas 072 M lnstead of. 0.1 M used
in other experiments,”:The 750 watt projéctor;ﬁlrror'lllumihatiohfsys-
:tem was used to illumihate the solutiOns throuch the bottom in 56 ml
volumetric flasks in a clear ice bath;

The coucentrations of lysdgime in‘these determihatiohs were'all
100 UM. The dye concentration uas'nearly exactly twice that. Photo;
oridation solutions were prepared’according to Table 1.

Just before the start of llght exposure, the solutions uere
mlxed with 0.10 ml of 0. 041 M hematoporphyrln (137. 8 mg, 2. 05'5.10;4"'
moles, of,the dihydrochloride in 5.0 ml) .in ethanolf-‘The‘solutions'
~ were sahpled at 0,-1‘:2 4, 8, lép 3é.and %4 minutes._ The-deuterium
zsolutlons were addltlonally sampled at 0 ‘5 and threé minutes. Samples,
'of l 0] ml were' taken and added to 9. 0 ml of LZ buffer and stored 1n-
_the ‘dark ln a refrlgerator. Slnce us1ng these solutlons dlrectly 1n_

"the Gorin activity a9say dilutes them,l:30,'91V1ng_an insignificant -
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absorbance from hematoporphyrin at the 650 nm analytical wavelength,

no further work was required for assay.

Table 1. Lysozyme Photooxidation Mixtures

.Solution_ . . 1. cControl 2. Azide '3; Deuteriaﬁ
Lysozyme . - 130.0 mg © . . 30.8 , '30.6

-Na Acetate © 82.0 mg ©82.2 e 83.1
Acetic Acid 62.1 mg o - 60.6 : ) 61.0

D,0 = o - . 22.0 g
H,0 20,0 g ST 18.0. - -

0.2 M NalN, - ~ .~ - == J;o2.0mle e

pH - 4 S U A a7
Solution - 4. . Control . 5. Aéide .»'., 6. Deutérium
' Lysozyme 30.5 mg .- 30.3 . 30.2
'NaH,PO,H,0 207.4 mg . 209.5 -~ 208.2
Na,HPO, . 62.4. mg ' 63.6 63.9

D,0 - -~ 22.0 g
H,O 20.0 g 18.0 . -

0.2 M NaN, - 2.0 ml -

pH . 6.1 6.2 6.3

'”'All‘out the'phosphate coatrol'eolutioh were evaporated to dry—
ness in a rotary fllm evaporator, taken up in two ml of sllghtly ac1d—-:
1f1ed (HCl) water and the proteln was pre01p1tated by addltlon of
12 ml. of a01d1f1ed (19 HC1) cold acetone.\ The.prote;n was redlssolved‘
in two ml of water aﬁa‘reprecipitated'twioe; thenfdriea.by a gentle

air stream. The residue was taken up in two mls of water and‘half‘was'
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hydrolyzed for amino acid analysis bf the methanesulfonic acid methoddt-
and the other half by baslc hydroly51s.‘ Aminq acid anaiyzer.run
‘codes phosphate-DZQ acid 813-74, base 8;4—&4; acetate-D,0 acid |
815—74, tase 820~74; acetate—contfpl acid 816-74, base 819-74;
acetate-azide acid 81?-74} base 821—74; phosphate7aZide acid 8}8-74;

base not run.

Dry State Ox1datlon of Amino A01ds and Protelns by Mlcrowave
Generated Slnglet Oxygen : : :

The mlcrowave’generator aﬁd feaetef system_was:tsed witﬁzthet ;.
following modifications and‘operatihg ?arameters. The dwen—medified
T§pe*C antenna Was used._vMost expetiments Werextun using-pufe‘exygen .
with excebtiens as noted usiag carboﬁddioxide.or 10% oxygen in heiium.
~No dry ice'trap was used for dry-stateareactions although a dust trap':'
was used.titﬁ ponered absorbants'. ,The'reaetqr'ﬁessel‘was either tHe_
3 X 20 ci tube shown in the figure or an 8 X 15 om 500 ml flask both
~of which were fitted with 24/40 staadard tapetljoihts; After. the |
usefulness ef'Violaathrbne as a ﬁdniterltas discoﬁered (Seétieh d),-a
vieianthrone,test spot.on filtef:papet:;as attaehed.to.the insidelot”
tte“flasks at the top and the gas.presspre;and power'ottput‘Wete ad=dd

justed to give the maidmum red g;ow'with.minimum power use.

A. Thln layer oxldatlon of amlno a01ds.f In a typical'exﬁeri-

ment two to 20 ugs of the’ substrate was spotted by means of a Hamllton
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microsyringe with an incremental,appliéator attéchment. ‘Typical ap-
plications would be 2.5 Ul of a four mg/ml sélutioﬁ. When the sub-
strate'was oxidized directly on a suitable chromatoggaphicAmaterial,.
either paper or thin layer sheet, it was develéped on the same sheet
:by a suitable solvent system and visualized as noted. While the sub-
strates mentioned in preceding work oﬁ amino acids were all surveyéd,‘
most of the work was done with methionine due to the ease with whiéh
it can be énalyzed for the extent of reaction. Comparison materials‘
were prepared by photooxidation sensitized by rose bengal. Typical
preparations were 100 mg of substraEé, gnd five mg of’d&e iﬁ 25 ml of.
water. The solution was exposed to 1ight for two hours- in 50 ml
flasks illuminated from the bottom using a 750 watt‘projectof and
mirror at réom temperature. This géve essentialiy cémplefe conversion ‘
of Met to the sulfoxide. The rose bengal was remoﬁed By chfomato;

graphy on A-25 DEAE Sephadex.

1. 'Teﬁ Ug of Met wés exposed on a 2;5 X 10 cm strip of
Bakerflex silica gel thin layer sheet (with fluorescen£ iﬁaicator)_at
5-10 torr, for 15 minutes at 80% power. ?he sﬁrip was deqeloéed with'-
butanol-acetic acid;watér(4:l:l)‘(éolﬁent BAW) and visuaiizéd‘with

ninhydrin. A control identical except. for the exposure was also run.
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2. As in (i) with histidine, methionine, N-

glycyltryptophan (NGT), alanine and cystine. Eprsure'Was for 20 min-

utes. Controls were run.

3. A series of strips as in (1) was prepared with 10 ug .
spots of Met and N-benzoylhistidine (NBH) (except as. noted) using
EK l3l§l prescribed silica 'gel sheet with fluorescént indicatbr. The
samples were run at Various settinés of power.aﬁa.preséure to‘invgsti_
gate the parameters.of maximum activity. Deyeldpment was with BAW aﬁd
visualization, excepflés noted, wiﬁh-hinhydfin{ The following setr
tings were investigated for 15 miﬂutes, except (7) whigh raﬁ'fo¥:dne :

~ hour.

1. ' 2~3 torr (pure 0O,) 20% power

2. '2-3 ' _ . 50%
3. 5-6 ' o 50%
4. 5-6" ' ' 25%
5. 15 . 90%
6. - 1 ' ﬂ 90%

7. . 2=5 . L 20% -

Sample (6) also h;d spots of His and‘tyrésine.- Saﬁpie:(7) used Met o
“and NGT. ‘The NGT Wa$ done in dupiiq;@e‘ope_bf @hich waé'QiéualiZed
'with ninhydrin and'the other by the Erhliéﬂ'; reaction. wa éamplés
were also run as in (l) and (6) (Met and NBH only) wiﬁh ﬁhg strips

juét clear of the mercuric oxide déposif near the diécharge.
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4. Forty ug of Met,(lolul.of four mg/ml preparation in

water) was spotted on an area of approximately ohé cﬁz on a glass
microscope.sliAe. 'The_slide was éﬁposed a£ 4—5'to?r ahd 80-90% power |
foi one hour. Usiﬁg.é.lo Ul Hamilton syringe, 10 ul.of water was
spotted on fhe slide and smeared around. This apparently diSSolvedA
the Met film. About five Ul was taken baqﬁ up into the syringe;'
Spots of 0.6, 1.2 and 2.0 ul were.applied t&llo cm prescribed silica.
gel thin layer chromatbgraphic sheefs. The chromatograms were devel-

oped with BAW and visualized with ﬁinhydrin.

5. As in (4) using cellulose acetate eiectrophoresis
strips instead of glass for the oxidation support and eluting by drops

of water.

6. As in (1) above using .alumina (EK) thin lajer sheets.

Since no data were available on the relative R_.'s of Met and the sul-

£
foxide on alumina, a rose bengal oxidized Met standard was run for

comparison. Various solvents were used: BAW;. ethanol-water—ammonium

hydroxide(7:2:3); and water. Ninhydrin was used for visualization.

7. As in (1) above using MN-300 microcrystéiline cellu-
lose thin layer cﬁromatographic sheet. After oxidation spots.of the

" starting material Met and photooxidized Met were added for comparison.
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Dévelopment was with BAW and 2-propanol-~butanone-1N HC1l(60:15:25).

Visualization was with ninhydrin.

- 8. Met was run_in two dimensions on Bakéffigx_iB silica
gel and'MN—3OO miérocrYstalline céilulose.: Ten cm ééuafe-sﬁeets":
were spotted on a corner and éxpoéea'fbf ?O minﬁtes at 1-3 .torr and

‘20% power. The shee;é were then'developed With BAﬁ!\drigd ana'reexf
‘posed under the"samé c§nditi6ns. The~§h§ets were thén dévéloped'wiéﬁ

BAW at right angles to the first run and visualized with ninhydrin. -

9. BAs in (7) using'thin.layer plates preparéa by covering .
microscope slides with .a élurry of Carboxymethyl_celluldse (Biorad)

in dilute acetic acid and drying. Only BAW was used for development. ..

10. As in (1) using Wﬁatmaﬁ‘Paper Chromatography paper
with Met and photooxidized Met standards spofted after- exposure.

Developed with BAW in descending mode in a large  chromatographic jar.
11. Aas in_(l)'and (7) (BAW=developmeﬁt.6hly)'using co,
gas . in the dischérge;‘ Conditions Werefadapted fféﬁ Gollnick'(GoIlnick
~and Schade,. 1973). TWé torr at 50% power for 25 minuteé,
12. As in (1) using 10% 0, in He for 15 minutes at 15 torr

and 50% power.
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13. Metrwas‘photooxidized by sénsifizing with rose bengal
in the dry‘state.: Pairéd 10 ug spoté of Met'were placed on £wo épiéce
of EK 13191 prescfibed.silica gel and MN-300 cgllulose sheets. One
Ug of rose bengal was spotted on top of one Met sbot'on each sheet.
One sheet apiece of each type was illuminated for 40 minutes by a pro-
jector using a DDB 750 watt bulb operated at 80% éower. The other
sheet was kept in the dark. 'Develdpment of all shéets was with BAW.

' Visualization was with ninhydrin.

B. Oxidation of proteins in the dry state:lysozyme

1. .An-attempt was made to oxidiée lysozyme. Thirty mg of
;ysozyme (Sigma Graée i'cat. no; L6876.1o£ 93C78000)‘waé dissolved in '
25 ml of doubly distilled water. A i:lb dilufioﬁ of\tﬂié'Had an ab—'
sorbance at. 280 nm of 0.300,‘equivélent to 1.15 mg/ml in the original
preparation. .Aliquots of 2.5 ml of the original preparation were
added to each of four 500 ml lyphélyzer flasks. The solutions weré
lypholyzed to nice fluffy masses‘ofyenzymg. The masses were eépdsed
to the singlet oxygen stream for 1, 5, 10 and 22 minutes. Settings
were 3-5'torr at 50% power. The exposed. enzyme Qas taken up in 25 ml
of buffer Lz'and‘assayed for activity by thé Gorin methéd;. M. l?sode¥
ikticus ceilé preparation was 45 mg'in'200 ml of LZ'buffer.'-standards
- were.prepared'by di}uting the 1:10 dilﬁ?ion‘preééred above 1:10, 2:10,

2:5, 3:5 and 4:5 in LZ buffer.
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2. Essentially the'samexas.in (1). except the oridations
were contlnued for up ‘to six hours. Sixty ng of lysozpme were dis-
solyed in 50 ‘ml of Water. A 1:10 dllution of this had an absorbance
of 0.298.at 286 nm.equivalent to l.l3_mg/nl 1n‘the stock-solution. A
10 ml aliduot of the‘stock-solution Was,placed,in each'of four, SQO:ml
lyophilizerflaSRS/frozen andlyopnilized;fhese uerequophiliéed at'
least four hours past'apparent dr&ness; The fluffy lysozyme masses
(11.3 mg apiece) were exposed at three torr and 20% power (Violan—'
‘throne’tuning).for 0,‘1, 2 and 6 hours;' The lysoZyme in each flaskW_.'
was taken up in.about 25 ml of uater and 2.5:16 dilutions in .LZ buffer"
,uere prepared.(3.0le for the six hour sample).; Thedabsorbances at.
280 nm were determined. These.dilutions'were used 'in the Gorin:aotiv—
ity_assay. ‘Standards.were prepared by diluting the original 1:10
 dilution of -the stockdsolution 2:lO-and 5:10 in.LZ'buffer. Substrate
was prepared by suspending 25 mg of M. lysodeikticus cells in 100 ml

of LZ buffer

:3; Essentially as in-él) using a qellulose absorbant sup—'
'port:' Thirt? mg‘of'lysozyme:were"dissolued inlzs.ﬁi'af”&atérl” The -
absorbance at 280 nm of a 1:10 dilution Was.0.3l77 eduivalent to"
1.2 mg/ml in the stock solution. One g apiece of cellulose chromato—“
graphic powder (Excorna) was placed in two 500 ml lyophlllzer flasks

and 2.5 ml of the lysozyme preparation was added. Twenty ml of water.
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was aaded and the pasty masses wére.frozén and lyophi;ized. ‘One of_
the-powder—enzyme bréparations was e#pésed for 70 minutes at five torr
and 20% power. The enzyme was washed off the:ceilulose in 50 ml of

1LZ buffer. Tﬁe solutions were filtéred thréuéh O.4S'ﬂm'ﬁAWP Millipore
vfilters.- The absorbances at 280 nm were determined: The dilution of
the oriéinal preparétion, uéed for~absdrbanée.méasﬁrement, Qas used

as a standard and compared to the assay results from (1).

4. Essentially the same aé (3) . using microcrfstélliné .
'cellulose (Siémaceli) as an absorﬁant.' Lysozyme (45-mg) was dissolvea-
‘in 25 ml of watér. Aﬁsorbance at 280 nm of a ;:lp dilution of the
stock preparation was 0;468, equivalent to 1.75 mg/ml in the stock.
Ten g of Sigmacell microcrystalline cellulose Was washed with water,
10% acetic acid then water again. The.cellulose was left moist and
12.5 ml of the lysozyme preparatioﬁawas adéed.l.The moist mass was
frozen andil&ophilized. Tﬂe preparation'weighed %.5 g at this point;
'One third (2.5 g)-was eluted with LZ buffér.tb'give 24 ml of a soiq—
tion with A, ~ =0.367 coded . control 1. . The other 2[3lﬁés exposéd for
40 min at 12 tor? and 20% power using iO% oxygeﬁ'ih helium. After
exposure this was eluted using Lz‘bﬁffet to give 38.5 ml of splgtion,
Ao = 0.630; coded Run 1. The exéeriment was répeated uéing 12,5 ml

. of the stock preparation and five g-of unwashed Sigmacell. Note:

When Sigmacell without lysozyme was washed with LZ bﬁffer, the




76
absorbance of the solutions were less than 0.05 after filtering. A
fgw ml éf water was aaded to make a thick slﬁrry and the mass was
lyophiliéedwhiletheIyoéhilizerflask ﬁas kepf immersed in a con-
tainer of water. This was £o be sure the lysozyme would be dried to
the cellulose and not.be.in free crystals. Three g éf the dried
powder were exposed for one hour and elufed.as above. The other two
g were eluted as ébove. The solutibhs'gaﬁe;‘for Run 2;'23.0 nml of
A280 = 1.20 and Con£rol 2, 21.3 ml of Azeb = 0.748. All fou¥ sélu—
- tions were diluted to approximatgly'lod Ug/ml with LZ buffer and the
'absofbance was rechecked. The saﬁples‘were then assayed for activitf
by the Gorin method. The 1:10 dilutibn of the stock prepérafion was
also assayed. Cells were prepared by suspending 58 mg in 250 ml of
1Z buffer. Standards were prepared by dissolving 36 mg of 1ysozymé
in 25 ml of water. A 1:10 dilution ihALZ buffer had Bogp = 0.440.

The dilution contained 165 lg/ml of lysozyme.: Dilutions of this of

1, 2, 3, 6 and 8 to 10 were prepared.

5. Essentially the saﬁe as (3)‘ﬁsiﬁg'silica gel as an
adsorbaﬁﬁ. Aliquoﬁs-of 2.5 ml of the sfock solﬁtign pfepéred in (3)
(1.2 mg/ml) were added to two 500 mliyophiiiéenflaské.containing one
g apiece of silica gel powder chfomatqgraphic adsorbant (Baker, 60-
260 mesh, lot 43687). The pasty'ﬁasseS'were frozen. and lyophilizédh

One sample was exposed for 75 minutes at five torr and 50% power with
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stirrinq; The other was used as a‘eontrdi.~ The siliqa gei prepaft-
rationslwere eluted with 25 ml aﬁiece;of Lz'buffer; -The-solutions
were fiitered'through HAWP 0.45 um Millipore filters. The absorbanees
'.at 280 nm were O. 054 .and O. 058 for the control and oxldlzed samples,_
‘1nd1cat1ng essentlally no removal of proteln. Enzymatlc act1v1ty,‘
as.determlned'by Gorln method, was essentlally.absent. The~prepa4 ]
rations were then eluted,with'25 ml of SO%'aeetic acid. The‘solutions
were'not fiitered. Absorbances at 280 nm were Q;323 and_0;397,'re;
spectively, for the'control and oxidized materiai. Some siiica'gel'
was present as the solution had a hasyrappearance__:Absorbances at
) 570.nm were 07642 and 0.078, respeetdue;y,.-Absorbances;ofvsilica gel
suspensions'have a fairly uniform.absorbance fron'ébo nm'through'the
.visiblé. The lysozyme solutlons 1n 80% acetlc acid were assayed by
' the Gorln method, as descrlbed, by addlng 0. l ml dlrectly to three ml

:of the substrate suspension. No actlv;ty was detectable.

6. As in'té); with one:hour ofvexposure; exceétdthat the‘
silica gelAwas eluted'with 25 ml of 33% aeetic acidu“The solutions
were flltered through HAWP 0.45 um Mllllpore and 1yobhlllzed. The
lyophlllzedfmwderswere taken up 1n LZ buffer and allowed to set sev- "
-.eral hours to renature. Absorbances at 280 nm were 0. 312 and O 118
- for the control and oxldlzed, respectlvely. The solutlons were as-

'lzsayed for enzymatlc act1v1ty by’ the Gorln method ' Substrate was




78
‘prepared by. suspending 22 mg of cells in 100 ml of LZ buffer. étan*

dards were prepared by diluting the stock solution 1: lO and 1:25,

7. BAs in (6) using 2.5 ml‘apiece of a lysozyne:preparation
of 6le§ in 50 ml of water.on one.g of silica gel. Tbe.silioa gel
used was prewashed with 80% acetic acid, and water then oven dried
.‘until Jjust moist. The oxidizedvsamplevwas'exposed for 3d.minutes at'f
two torr and 40% power. After.lyopnilizing to remove.the 33%lacetic |
acid, the prec1p1tates were taken up in 25 ml of water and assayed
_for actiVity. A new preparation of cells, 22 g in.100. ml of LZ buf—
fer.vas used. Activity standards:were'prepared by“dilutino the above.
stock solution l:lO'and'1;25 With-LZ buffer.' The remainder of the
25 ml water solutions of lysozyme werelyophilizedand hydrolyzed for.
22 hours in two ml of 2 N methanesulfonic aoid'as desoribed. The hy—'
drolysates were neutralized with 4ZNIsodium.nydrozide,.then 6.5 ml of
3'saturated citric acid was added, giving.a pH of about 2.0 (pHydrion
paper).' The oxidized sanple was diluted to five ml with 2.2 oitrate'
loading buffer. Note: This leaves the solution,nigh.in ﬁa+,ion.
Amino.acid analyzer run codes were: for control 711-74 and the ozi-
dized 709-74. A control of fresh lysozyme was prepared by hydrolyz1ng,
as above, four mg and diluting 1n the last step to 10 ml Wlth loading

buffer. Run_code_708-74.
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8. Essentially the same asl(é) except thét the total

amsunt of enzyme was considerable la;ger>than previoﬁs runs. This
was to provide enough product to analyze both acid and base hydroly-
. zates for amino-acid content. |

Silica gel was prepared by WQShing it with benzene, £oluene,
chléroform,'acetohe glacial acetic ;ciq-and wate;’than heating in é'
sterilizer-dryiﬁgléveh-(temperaturg.grégﬁer“than:16Q°C)‘fQ£.15 hoﬁrs.:
The material waé thehxallowed to étand; ébvgred but availéble to the
:éir,'fér a day to rgddée the surface.aétivityAby partiél'réhydratioﬁ.

fThree.g portions of this were used here, and in section (lO)‘foilowing

With‘ribonuclease, in ‘each batch. Thirteen ml‘apiece‘of a 1.46 mg/ml‘__f.'

solution of lysozyﬁe (19 mg total) were added to two of the three g
~batches of éilica gel. The preparafions were frozen and lyophllized;‘
Oﬂe-preparation WaS;egposed'for 0;5'hou# at thfee'tq;r ;nd 40% power
in.the reactor. The‘other waslmaiﬁtéipeé:asla contrbi; The 1ysdzyme‘
was g;uted from the‘silica gel witﬁ'BB% acetic aéid._ The_SoLveﬁt‘was~
lyophilizaiéaay. Ihevrésidﬁe was taken‘up in é;fg&nml éf wate¥ End o
| filtefe&,fhndﬁgh a HAWE 0.45 ﬁvailiip6;é fi1ﬁer;. The.gdlutiéhSQW¢fé
.5made:up:£o'10.ml with.Water and tﬁe-absorbaﬁcé éf.a"lflb.d;iutiqn.in _
'L% bﬁffer Waé determined. This was'0.350 for thg éxidiéed;anq'piélzz..
f9£ tﬂe_pontrol, equi&élént to‘¥ecoveriés ofﬂ13.2_;nd 15.5:ﬁg;pf 1¥séé:
"zéme. Thé enzymatic aétivity byxthg Gorin métﬁod.ahdiprotein cdﬁcen;:

. ;traﬁioﬁs-by the Lowry method were determined on this diluted solution.
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The Lowry.values for the yielus;were 12.0"and:i4.9 mge;'é3“and?7é%;
respectively. | | . |
The,uioianthrone tuning spot ineide’the reactor was extremely
dim during-this.run. The presence of three-g of 51llca gel seems to

.be very quenching. To check the 51nglet oxygen output after the

silica gel was removed the reactor was started.again at the same set- ;

tings'and Qave'a good'bright red'reaetiqn.t

The remaining oxidized and control solutions were dried on a

rotary film evaporator and taken up in two ml of water. One ml apiece-

of each solution was‘hydrolyzed for amino-acid'anaiysis by basic and
“acidic hydrolyses. The run cheéfwere; '806—74,.802—74, 808-74 and
810-74 for acidic‘and basic_hydrdl&ses for the oxidized and centrol'

samples, respectively;:

9. Ribonuclease-A. Essentially the same as (5) using

silica gel as an adsorbant. Siliéa gel was Washed.with water and
acetic acid} then water again, deeanting the:finee_each‘timef. The'
material was oven dried at 230°. Abeut,ZS%'oflthe materiai was lost |
as-fines. Rihonuclease—A, (Siéﬁa No.fR;5125‘ iot‘99B¥8020‘bQVine
pancreas),.25 3 mg,‘was dlssolved in 11 ml of water. One ml of this
when dlluted to flve ml had an absorbance at’ 278 nm of O 284 ' The
dllutlon was further dlluted 1: 25 1: 50 and l 100 w1th 0. l M pH 5

acetate buffer to furnlsh standards for enzymatlc act1v1ty analy51s
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The remalnlng 10 m1 of. the stock solutlon was added to the 51lrca cel
-with" enough water (about 15 ml) to’ make a thlck slurry. The slurry
was frozen amilyophlllzedgyleldlng elght g of dried mlxture. Four d
‘of thls were exposed for one hour at 409 nower and three torr, w1th
stirring. The enzyme was desorbed with 80% acetic acid from the ex-
posed sample and the other.four-g.of'silica‘cel which was used as a -
control. The silica éel was'first eluted;with water until the fine
. silica produced by'stirring was remoVed then eiuted with.the 80%
acetic acid. The eluent was‘collected'in‘siz é;o nlffractions, whose
.fabsorbances-at 278 nm werehchecked; :The fractrons;whdchvhad.the.
:greatest absorbanceS‘were combined,uﬁ to a volune.of'ZS:mi in each
: case‘ Some non-proteln materlal was present as recoverles based on,
B,s were 120~ 150%. 'dne ml of each~was diluted to 10 with water con-
taining 0.3 ml of 19 M sodium hydroxide to' give'a buffer of approxi-
mately equimolar acetateracetic acid and a'pH of approximatély 5.0.
These, and other simiiar solutions were alioned to set overnight after
diluting to renature. These dilutions were used for‘enzyme.activity'
“assays.' The rest of the 80%‘acetic'acid'solutionsfwereAdried-on'a
'rotary fllm evaporator, taken up - 1n 25 nl ot water and analyzed for
‘ proteln content by the Lowry method The analyses took two mls apiece
of the solutlons, the rest of Wthh were redrled on the rotary fllm
"evaporator. The res;dues were takenhug 1n,2*4 mL_ot 6.N (constant

boiling).hydrochloric-acid} seaIedvin'giass'ampules and heated for
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‘24 -hours at 1lQbCa Note: Thetehis no Trn_in'rihonucfease so‘hydro—
chloric acid offers some advantages here over nethanesulfohic acid.
-ft oan.be removed bf evaboration,so.less problem with salt'is enooun—
tered. The samples were opened aﬁter heating,.evapotated in a vacuum
_over desicoant and sodium hydroxide pellets’and taken :up in 10 ml of
‘pH 2.2'anino acid anaiyzer loaddng buffer. .hnalﬁze: samole oodes'
were okidiZed naterial: 783—74 control 784 74. h'control was pte— -
pared to test the effect that solutlon 1n 80% acetlc a01d has ‘on the
enzymatlc act1v1ty of rlbonuclease.f Two mg ot the ensyme.was dls—.
solved in five ml and allowed to stand elght hours at room tempera— ‘
ture. The absorbance at 278 nm’ was 0. 266 .Avl:zsrdtlutlon of :this
was prepared foreact1v1ty'analy51s. One ml of.the 80% acetio aoid’
solution was dilutedtwith‘distilled,water eontaining Q.é-ml of 19 M
" sodium hydfonide.totgive'a pH 5,buffer;. The Kunitz ribonuclease -

assay was used.

iO.n.ﬁssentdally thevsame'as'(s)_and (957. This'deternination
with ribonuoleasevA was run patailel-with:theli;soQYme.uofk descfibed
. in (8) and used the same 5111ca gel prepatatlons and reactor expo—
sures ' Ten ml aplece of 2.0 mg/ml (52 5 mg/20 ml) solutlons of
rlbonuclease—A were added to the three g batches of slllca gel Whlch
' werelyophlllzedand exposed as an (8) The-enzyme was a new batch..v

from Slgma,.number R5125 (same as ‘in (9) above) but 1ot number
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1226—8220. The.control enzyme was‘eluted with 86% acetic acid.and
the oxidized was elﬁted by stepwise portions of 33, 50, 66 and 80% . .
acetic acid. The best results seemed to be obtalned w1th the latter-
method as most of the absorbance at 280 nm was eluted at 33% and in
“the initial part of the 50% where the concentratlon was‘rlsing.
Little absorbance was eluted in the:later_partlof the 50% or‘with
stronger solutions..'The solvent.waslyophilizaioff‘and the residues
were taken‘np in a‘few ml of water and filtered throngh HAWT 0.45 um
Millipore filter. The solutions were made to 10 ml and the absorbfy
ances at 280 nm was determined. _They Were’6.538 and 6.572:f0r the
oxidized:and control, respectively.

This is equivalent to 8.7 and 9.2 mé total"recovery. Lowry

determinations were made of protein cohéentrations. These gave values

of recovery of 6.7 and 7. 3 mg, 34 and 37%, respectlvely..

| The Kunitz act1v1ty assay.. A different lot of yeast ribo-
‘nucleic aoid (Sigma number 6756, lot:14Cr§010) was. used for the sub—.
strate‘(26_ng/40 ml) . Standards were prepared hy diluting the'origi-A
‘:nal.Z.Q mg/ml preparation‘l:SO, l{200 and l:SQQ'to’oive'42, 10.5 and
4.2 hg/ml solutions.: The oxidized solution was diluted l-lOIto give
67 Ug/ml and the control was dlluted 1: 40 to give 18 ug/ml solutlons.'
Both gave enzymatlc act1v1ty assays equlvalent to 21 ug of act1v1ty
1ntthe orlginal solntlon. These were, respectlvely, 3l.and llj% |

active.
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The remaining stock solutions were dried on a rotary film evap-
orator and taken up in two ml of water. One ml apiece of each solu-
tion was hydrolyzed for amino acid analysis by basic and hydrochloric
acid hydrolyses. The run codes were: 802-74, 803-74, 804-74 and
805-74 for acidic and basic hydrolyses for the oxidized and control
samples, respectively.

As there was some question about the amino acid analysis of
the above treated samples, a hydrolyzate was prepared of 2.1 mg of
enzyme fresh from the bottle in lot 123C-8220. Hydrolysis was per-
formed for 23 hours in one ml of fresh 12 N hydrochloric acid plus
one ml of doubly distilled water. After drying, the residue was taken

up in 10 ml of loading buffer, run code 822-74.

C. Violanthrone. Ogryzlo (Ogryzlo and Pearson, 1968) de-

scribed several reactions involving the brillant chemilumenscence in-

duced by the quenching of singlet oxygen by violanthrone.

Figure 7. Violanthrone
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Several solvents were tried. The dye is essentially insoluble
in water. There is very slight solubility in ethanol and acetone. It
has somewhat better solubility in ben;ene. It seems to be readily
soluble in dimethylphthalate, Bﬁt as fhis is not volatile, it was not
very useful. Chloroform proved to be a convenient solvent. About
10 mg 6f the dye was dissolved in 25-30fml of chloroférm. This

vielded a purple solution with a reddish fluorescence.

1. A few tenths of a ml of this were dried on glass and

exposed to the microwave generated oxygen stream.

2. As in (1) but using absorbants to disperse the dye.

The following materials were surveyed:

Silica gel TLC Sheets (EK 6060 and Bakerflex 1B)

Paper Chromatography Paper (also other filter papers)

DEAE-Cellulose powder in bulk (Biorad Cellex-D)

CM~Cellulose powder in bulk (Biorad Cellex~CM)

Silica Gel-H powder in bulk (Merck)

Alumina TLC sheet (EK) .

Microcrystalline Cellulose TLC Sheets (MN-300)

When a sheet was used, the material was applied as an ink to

givé good disperson.

3. Using a small piece of filter paper, with an "X" of
violanthrone, placed in the reactor flask, various power settings were
tried for pressure and power to optimize singlet oxygen production in

the system. A tuning spot like this was used in all of the later work.
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"Use of the Clark-Type Electrode to Demonetrate.Photooxidation

A number,of_experiments were run using aAClark—type (Clark,
1956) membrane oxygen electrode to determine,the presence of oxygen
consuming photooxidation; ‘The "theory of operation is that oxygen is

allowed to diffuse;through a plastic membrane, usually ieflon‘or

'polyethylene, the former being more common, into an electrode chamber.‘

The oxygen is then reduced to peroxlde by 1mpre551ng a voltage of

0. 6—0 8 v across the electrodes, whlch are usually noble.metal ' The
I current observed-in the electrode:circuit is proportional to'the
amount of oxygen present. 'The'aolutionfin,thenelectrode chamber is
'albuffered (often blcarbonate) éotaseium chloride electrolyte;vahe :
: volume.actually in.contact with the cathode ietkept as small as pos-
sible to minimizejelectrode‘eluggishness. -This ie usually accom=- °
pllshed by etretchlng the membrane over the cathode, allow1ng only a

' film of the electrolyte to be under it. The process ‘of oxygen dlf-

" fusion through the membrane is 1nf1uenced by both temperature and the.

.‘degree of saturatlongw1th oxygen oﬁ the solutlon belng analyzed._'The_x'“

diffueion has'a temperature coefflcient‘of about 4%/°CL .This rebre— :
:;:entsfa kinetic effect. The amount of oxygen dlffus1ng 1s also af;-
fected by an equ111br1um effect w1th degree of saturatlon. Thls di-
rectly 1nrluences the partlal pressure of oxygen 1n.equ111br1um w1th
thebsolutlon. The hlgher the equillbrlum partlal pressure,,the ‘faster

the oxygen w1ll dlffuse through the membrane : ThlS 1s actually what
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~is ﬁeasured, not'the absolute concentfation of oxygen. Sincé salinityA
aﬁd temperature étrongly influence ‘the solﬁﬁility:of‘gasés in liqﬁi&}
these factors have to be allowed for in calibraﬁidp.

The insféuﬁent uéed-in thésg ;tudies-was manufactured By ﬁelta
Scignfific, Lindénhufst, N.J." It is their Mddei'iio—l membraﬂe érobe
used with a Médei‘ld6 Dissoived Oxygeﬂ Analeéf."fhé ééwer séurce in
this is a pair of siéé'b flashlighf bétteriés.. The elecfrodehpﬁdbe
. conSiéts'of the membrane (Teflon) over a gbid bu;toﬁ‘éathode with a
silver anode. This particular insfrugent was)néve; iﬁtendéd far pre-
cision research work, being constructed fpr use in éﬁeifield as,é;
ground wate; dissolved oxygen meter. In aadition;.if seemé"to have é
ratﬁér high.backgrbﬁnd current which is somewhat}capricious; :Perhaps‘
this is why the unit was sold as éurplus by its'érevious:owners.
Howéﬁer, the'ﬁpit proved to be very able to demonsﬁrate the_presehcéﬂ
or absence of an dxygen consuming regcfioﬁ andigave an idea of its
relative rate; altﬁough it would be diffiCult to use for any precise
: kinétic studiesm~ Most of the work,defaiied:hexe wqg\intended to bg
preliminary éxperimenﬁs Qith.mpre dét;iled“wdrk3;d be,QQpéllafer on a
research inétrumént; | |

The instrumént was calibrated against air saéurated water at
‘variéus.temperatﬁres'tg determige.scéle'reséqnse anq-the.zero—oxygen
'cqrrént——background‘dufrent;fwas defgrﬁined opzsglﬁtidns of 5% ‘sodium

sulfite. ‘The béckgfound current varied from 3-15 relative scale
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values (rsv). .Saturated values at-room'temperature (23-366) were

150-180 rsv and seemed fairly reproducible at any'given temperature.

A, Studies of amino acids._ The samples. were in a 125 ml

erlenmeyer flask with a 24/40 ground glass jOlnt. Thrs Jjoint does not.
exactly fit the taper of the probe, whlch was deslgned for the taper.
of a standard 500 ml. blologloal oxygen demand Wlnkler flask but, with
careful flttlng, w1ll‘g1ve an adequate.seal. Care must be taken that
no bubble,of.air or5opening whichlwould‘permlt lnward dlffu51on of
oxygen remains, ,The flask was illuminated from-the'slde:(rapid stir- .
- rlng by a magnetlc stlr bar is es5ent1al) by one of two d1fferent
lights. Experlments 1-5 used a- 150 watt G. E, spot lamp. _Later”exper—
iments used a 750 watt project operated at 80% power. The tempera—
tures were malntalned at near room temperature by a large beaker water
bath with no additional cooling. The. temperatures generally rose

1

‘from 2-3°C during the experiment.

'Ill" Roselbengal with hlstidine.

T oa. ‘Water was vigorously stirred open to the:alr for
one half hour, then the probe wasllnserted and sealed. A reading ofz
170 176 rsv (85 -88 X 2 range) was observed to hold steady for an hour.

bL .One g of d1potass1um hydrogen phosphate monohydrate

was;added'fSOlutlon ca, 0.03 M) to'serue’as'a buffer ca. pH 9.0—9.2.
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Oxygenhreadinge were 172-176 (86—8é X 2) for 30:ﬁinutes-while illumi-
nated;- h . | ‘
c. His (50 mg, 3 X 107" mole, 2.5 x 107 1) was added.

Readings were 172~176 (86-87 X 2) for 40‘minutee'nhile illuminated.‘
| '-df Two mg of rose bengal was added in the dark. Read-
ings. were 172~ 176 (86— 88 X 2) for . 20 minutes.

. The light was tnrned on giving the consumption
shown in the "Resuite" section. Oxygen consumption'wasrolearly evi—l
dent.in one ninuteii The llght was turned off for noted perlods of

time w1th the noted levellng off.

2. As inj(l)-with chteine?instead“of His. Ihe'dye, sub~
strate and phosphate were all mixed in the dark. Temperature Was.'
;aboﬁt 22°C. The readlngs were essentlally constant for 15 mlnutes at
150 (75 X 2) rsv. Light dependent ogidation‘was observed within.lO,

seconds. .

3. As in (1) with'His and two mg,of crystal violet, Ten;
perature was about 30o In the dark for 15 mlnutes, the readlngs rose o

from.176 to 184 (88 92 %X 2).

4. As in (3) w1th CysH 1nstead of HlS.: Dark{readings were

. stable at 162 (81 X 2) for 30 mlnutes.
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5. As in (4) with 15 mg of CysH_and 50 mg.of crystal vio-
let. Readings went from 156 to 161 (78-80.5 X 2) in 63 minutes in

the dark.
6. As in (4) with the brighter light.

7. As in (3) with His except that two mg of proflavin was 

used instead of crystal violet. ”Stab;e in the dark fof‘zo minutes.

8. As in (2) with three mg rose bengal and 50 mg of cys-:
tine (Cysé) instead of cysteine (C&sH),. The readings rose ffom 152
to 168 in 45 minutes in the dark -and rose to 186 in another 50 minutes

in the dark .before the light was turned on.

9. As in (8). The dye and phosphate éolﬁtion were stirred
while illuminated for 40 minutes while the oxygen readings rose from
136 to 166. At the.same time, the\Qater-bath temperature rose from
20 to 32°. Fifty mg of cystine wés'added and kept.in the dark for an

~hour. The readings rose 168 to 188. The temperature was at 31°C.

10, The, same solution used in (9) was reoxygenated by
stirring vigorouély for three hours while open to the air in the dark.
. It was then re-illumihated. At the end of the second illumination,the

rose bengal had faded to a pale yelldw.




91

11. The séme solution as in (9) and (10) was reoky@enétéd‘:

again, but the dye remained faded.. Two mg of rose-bengal,was.tﬁen
.added and the oxygen'feading in the dark was stable at 179 for 30 min-

utes.

12. As in .(1) with rose bengal and :alanine instead of
His. = The readings were stablé at 192 for 15 minutes in the dark at

a temperature of 33°.

13. This experiment used a.smaller, éd ml,‘flésk thén~tﬂe:
previous one. The substréte was io mg of'methionine with iO mg of
rose benéal in watef. The reaction was run using a 500 watt'projgcf.
tor and thé solu;iqn'was in aﬂ ibé'bath; ‘The feadiﬁé vafied * ‘one

unit from 99 in 10 minutes before the light was turned on.

B. Photooxidation of pyrocatechol |

1. A'éolution of five mg of.pyrocéteqho;.(l,z benzenediol)
. in water with 10 mg of rose bengal was run as in (A-13) above. -An
ice bath was used:and‘the solution registéred 76-77 for six minutes -

before starting the light;

2. 'In a repeat of (1), 11 mg-of pyrocatechol was stirred .
in an ice ‘bath in the dark and held-at 98 for seven,minutes.' Wheh
the light was turned for eight mihutes, the féading rose from 98 'to

102. Ten mg rose bengal was added -in .the dﬁrk wiﬁh'aAchange from 102
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to 104 in 14 minutes. A scale adjustment was made to 100 even and

the light was turned on.

- Spectral Studies of the Interaction of Hematoporphyrin and Lysoéyme

Jorli et ali (1971) have reported-é peculiar ahd ‘rather specific
_ dye sensitized photooxidation of lysqzyme with hematoporbhyrin. They"
alsolreported.that hematoporphyrin formed a cdmpléx with lysozyme
which shifts the absorbtion spectrum éf the dye. This shift was from
‘a peak of 390 nm to- 408 nm with a slight decrease in peak‘absorb—
tivity. To attempt to wverify this specfral eﬁfect; the fol;owing

determinations were made:

A. Sixty mg of hematoporphyrin dihydrochloride‘(Cal biochem
No. 3731 lot 901390) (8.9 X 10 ° mole) was dissolved in five ml of
" ethanol (1.78 X 10_2 M) . Twénty—éwo mg of.lysozyﬁe (Sigma 3 X recrys-
tallized lot no. unaQailable) was dissolved in 10 ml of 0.1 M‘pH 4.8
acetate buffer. The absorbance at 280 nm for a 1:10 dilution Qas
'0.503, equivalent to 1.9 mg/ml (1.32 % 1074 M) in the origi@allsblu~‘
tion. Ten pul of the hematoporphyrin (1.78‘>< iO_7 moles) was added to
two ml of the lysoéyme stock solution (2.64 ><"10_7 moles). Ty§ mo;e
ratio waé aﬁsut 1;5 1jsozyme to 1.0 hématoporphyriﬁ.' The solution
proved to be too dense for spectral scanning in 1.0 'cm cells and was
IQiluted 1l:2 to 66 UM lysozyﬁe with the acetate_buffér and scanned

using a Cary 14. An hematoporphyrin spectrum at the same
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.concentratidn in tne same buffer &aa'alee.scanned. TLC determinations_
of'the.dye uniforﬁity'wene rnn. Fprty ug-spots'of tne dye on EX l3l9i'
silica gel‘sheets'were developed &ith metnanol and acetene'and ap-

peared homogenous. .

~ B. Using the same source of lysozyme and a new éource of
hematoporphyrln, the spectra were redetermlned at pH 6.2 in buffer LZ d'"
(0.1 M sodium phospnate, 10 -3 .M EDTA) Ten UM lysozyme was prepared.
by disaolving'ZO mg in 10 ml of LZ buffer. A 1: 10 dilution of thlS
material had an absorbance at 280 nm of 0.487. fThe stock dilution .
was diluted 10:12.9?. Tnis was rechecked‘at 280*ﬁﬁ (1:10 diiﬁtianir.-"
A ; 0.386,Vequiyalent to 103 UM. Hematoporphyrln was prepared by
dissolving 20 mg_(s.leo'S moles) of the dlhydrochlorlde (Sigma, No.
111875, lot 032C-13705 in 10 ml Qf ethanol. This was di;uted 1:10
' wrth ethanol to gite a 300 uM so;utien. :Spectra were obtained on
solutions prepared by mixing 0.1 ml ef'the'dYe (3 Xllb-s mole) with
3.0 ml of the lyspzyme (3.1 % 1077 mole) or 3.0 ml 'of a 1:10 dilution |
of the lysezyme (3.1 % 10_8 nole),or 3.0 mlL °f.th§ 5uffer. TheSe'l

,gavellzlo and 1l:1 dpezlysozyme ratios.

© C. As in (B) except that the lysozyme was prepared 1n doubly
distilled water to a concentratlon of 10.0 M to see if the presence
of the_buffer influenced binding.l The pH of the dye lysozyme mlxture o

was 5&4-“
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D. ihe experiment was repeafed with new squfcesﬁof both lyso-
zyme and dye.' Lfsozyme (Sigma Grade I No. L6876,:lot 93C-8000f was
prepared by -dissolving 13.4 mg of dihydrochlogide (Fluka’purum grade '
51250-701459) (2.0 X 10> mole) in one liter of 10 ~ M sodium hydrox-
‘ide. The PH of this solution was 7.9. It was clear although a very
small insoluble residue remained. This is referred to as the stock
solution. | |

1. The absorbtion spectrum of a 1:2 dilution (10 uM) of

the dye stock was determined. The pH of the dilution was 7.2. The
pH was adjusted to S.Z.Qith solid sodium dihydrogen phosphate and the

spectrum was rerun.

2. A Solution that was 10 M in dye and .20 M in lysozyme,'

pH 8.5 was prepared by mixing 12.5 ml of the dye stock with 4.37 ml
of the lysozyme stock and diluting to 25 ml. A spectra were'deter—
mined for this and a pH 5.2 solution, adjusted by adding sodium dihy-

drogen phosphate.

3. The spectrum was determined for a dilution of 12.5 ml

of the dye stock with 12.4 ml of 0.1 M sodium hydroxide.

4, As in (3) with 12.4 ml oflacetiq acid instead of sodium

hydroxide. It was necessary to dilute'this gsolution 1:4 with 50%
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acetic acid to determine the spectrum due;to peak sharpening which

.. gave a narrower peak of higher dbsorbtivity.

5. .As in (3) except that the.dye stock,was'diluted iz.éia_

to:25 with the lysozyme stock (10-uM:57 uM)'pﬁAG.S.

6. As in (3) except the dye stock was diluted 12.5 ml to

25 with Water containing 0.15 g of sodium dihydrogen phosphate (0;05 M“

final concentration), pH 4.8.

Oxidation of Tryptophan by Singlet Oxygen Generated by Non—Dye Means

Tryptophan was chosen for this work because lt can be eaSily
analyzed for the'extent cf reaction by compaping the ratio of light
" absorbances at 260 and 280 nms. Additionai,informaticn:can be ob-
tained by comparing the absorbance at 360 nm to that at 280 nm. Spec-
tra of Trb'and its sensitized photcoxidaticn products were determined
for comparison. Trp hasran absorhance.peak at 280 5& with‘the ratiol
of this peak to its absorbance at 260 nm beinc about 1.47. N- |

Glycyltryptophan (NGT) also has a maximum at 280 nm with a 280/260

- absorbance ratio of 1.65. This latter ratic,is also typical of lyso- -

3zyme. The prcduct of rose bengal sensitized photooxidation of NGT
_has absorbance peaks at 260 and 320 nms and a minimum at 280 nm Wlth
the 280/260 ratio of 0 224 This presumably N—glycyl-N -

formylkynurenine. Kynurenine (Kyn) (obtained from Sigma ‘as the
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Di~sulfate, catalog number K-3625, lot number 79B-1120)‘has absdrbance
peaks at 256 and 360 nms and a minimum at 280 nm. Kyn has a 280/260

absorbance peak ratio of 0.07.

A. Rose bengal sensitized photooxidation of N-Glycyltryptophan

N-Glycyltryptophan, 1.3 mg (5 uUmole), was dissolved in 50 ml of dis-
tilled water. The ultraviolet ab;orbt;on spectrum of this was ob-
tained using the Cary-14 and absorbances at 240, 260, 280 and 360 Were-”
recorded using the DU~2. Five‘mg:of rose'bengal was AQAed and the .
solution was illumingted for 3.5 hoﬁrs. The solﬁtibn was stirred by _
a slow.étreaﬁ of filtered‘air. Illumingtion was proVided by a’ Kodak
Kodaslide Projector,”Mastér‘Model éeriés 1 usiné % DDB 750 watt bulb.
Line éower was reduced to 80%, approximately 95 volts, by means of a .
Staco autotransformer téllengthen bulb life.

At the end of 3.5 hours, the solﬁtioﬁ was filt;fed through a
bed of one g of AréS Sephadex (course), in a three cm diameter coluﬁn
fitted with a glass frit disc, to remove the dye. . The Sephadex .bed
was about'two cm deep. The speqtrum énd.particular'absorbaﬁées Werg
‘determined as Qith the starting ﬁatenial. The solution was lyophilized
and the dryxmaterial was then taken up in one ml of distilled water.'
A samplé,‘ca. 0.2 ml, was saved fprfthin 1ayef dh?oﬁatography énd.the~
rest was pléced in a-éarius tubé With an equal volﬁme of.frésh 12 N

hydrochloric acid. The tube was degassed by three freezéfthaw cyclés '
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while undef vacucm, sealed and placed in an oil bath at 108° for 24
hours. After hydroly51s, the tube was opened and the contents placed
in a 15 ml flat bottomed bottle. The-solucion had a distinct yellowl
color. The bottle wasuplaced in a vacuum desiccator with desiccént-
and sodium hydroxidehunder vacuum for overnight.. The recidue was
taken up in about 0.8 ml of dlStllled water and about half the sample
'was saved for thin layer chromatography and amino a01d.analy51s The
remaining half was dlluted to 10 ml in distilled water and its spec—
trum and specific abscrbances at the selected wavelengths were deter-.
mined. About a thi;d of the samplc scved for aminc écid ahalysis
(about 0.1 ml) wés diluted to 1.5 ml wich PH 2.2 citrace loading buf-
fer and anélyzed by'the Beckman automatic amino acid analyzer (Ruc
.code 734-74). fhe scmple was run only‘cn“the shortest column using
pPH 5.24 buffer. An authentic sample of Kyc was also run for compari-
son on the Cary-14, DU~2 and amino acid analyzer. The Kyn solution
had a distinct yellow color. Thin layer chromctogfaphic comparison
was madé of NGT, its sensitized photooxidaticn pfoduct, the hydroly-
zate of thc prodﬁct, Trp, Kyn and Gly as describea.iﬁ the section on
thin layer chromatography of amino acids. Fluorescense, fluoreccent>

quenching, ninhydrin and Ehrlich's reagent were used for visualization.

B. Oxidation of tryptophan by hydrogen perox1de—hypochlor1te

generaﬁéd 51nglet oxygen. Ten ml of a solutlon 0.025 g of Trp
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(1.2 X 10 ~ mole) in 0.45 ammonium chloride pH 9.5 buffer was mixed-

with 0.13 ml of 30% hydrogen peroxide (1.2 X 10 >

» 10 molar e*cess
over Trp) at ice bath temperature. Sqdium hypoéhlorité (Pureg: 5%
.or 0.68 M sodium hypochlorite), l.i ml (4 X 10_% mole, 3 molar excéss'
over Trp) was added dropwise while cold. The.solution was allowed to
stand cold for one half hour, then diluted 1:200 with 0.045 ammoniuﬁ '
chloride buffer. Absorbances at 260 and 280 nms weré determined.

For comparison, the absorbances of a control solution qf Trp with only

the peroxide'was determined.

C. Oxidation of tryptophan and lysozyme by .potassium per-

‘chromate generated singlet oxygen

1. Preparation of poﬁaSsium perchromate. Potassium per-

chromate (perochhromafe),_KSCrob or K4Cr0, (0;) 4, was prepared as de-
scribed by Peters et al. (1972). A cold solution of 16.9 g of potas-
sium chromate (0.087 mole) and 3.5 g of pofassium hydroxide (0.065

mole) in 200 ml of water was added‘slowly to a cold solution of 100.ml

of methanol, 200 mi‘of water and 30 ml of.30% hydrogen peroxide (0.26 -

mole). A red-brown powder precipitated. This was filtered off,
-washed with water and cold methapql aﬁa dried by briefly pulling air
through it:onffhé filter. The.prepgfatioh Qés stored at —25°C‘(inner
cold room) iﬁ a deéiccétor. Yield was 2.5 g (0.0084 moles, 9.8% of

theoretical based on potassium thémate), This material appeared to .
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be nearly insoluble in water. When it Qas added to water, a very
faint yellow solution resulted'which probably was from a small amount
of the chromate being pfesent. When allowed to warm and stand in
water, oxygen was evoived, the precipitate dissolved and the yellow

chromate color formed.

2. Oxidation of tryptophan. Ten ml of 1.2 x 10_2 M Trp -

(1.2 X 10--4 moles) in distilled waterlin an ice bath was mixed with

10 ml1 of 2 M pH 9 ammonium chloride buffer and 25 g (8.4 X 10_5 mole)
of potassium peroxychromate. The soiution was allowed to warm slowly
and sat overnight. The solution was diluteé'lzloo'in 0.2 M pH 9 ammo-
nium chloride buffer and the 260 and 250 nm absorbanceé were deter-
mined.

A control was prepared in the same manner except that instgad
of the peroxychfomate, 25 mg (1.3 X 10—4 mole) of pofassium chromate
was added to test thé effect of qﬁromaté on Trp. A blank was prepared
consisting of 25 mg of potassium chromate in 20 ml of §ne molar pH 9
ammonium chiﬁride buffer. A.Trp solution of the same cqncentrétion‘
but without the chromates was used as a standard.l These last three
preparations were allowed to stand overnight next to the
peroxychroﬁate—Trp‘solution, then diiuted ;;100 in‘0.2 M ammonium

chloride buffer and the 280 and 260 nm absorbances were determined.
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3. Oxidation of lysozyme. Lysozyme, 0.286 g, (2 x 107>

mole, Sigma 3 X recrystallized grade) was dissolved in 10 ml of dist. - -
til;ed uater and fiitered,'using a'Suinney adaptor, through a'O.éd Hm
Miliipore~fi1ter.:ubne ml of this preparation‘(z X.10_6 mole) was .- .
cooled on an ice bath and mlxed w1th 0.1 ml of 2 M pH 9 ammonlum chio—i
',rlde buffer and 10 mg 3. 4 X 10 -5 mole) of potassium peroxychromate. ,;
E The preparatlon was allowed to warm slowiy.. A foamy proteln precipi~ h
tate formed which- would not redlssolve in thls buffer or water. It:
retalned a persistent yellow color which could:notlbe washed off. - A
control of.the'same buffer and amount of l?soz?me.wrth'lo Ag'cs.;vx
1077 mole) of potassium chromate was‘allowed to stand heside“the |
preparation. The control did not preoipitate. The-protein'fractioni-

. retained ad;stlnctyellow color after gel flltratlon chromatography

" on a.25 cm. Sephadex G—25 columnlln 5% acetlc‘ac1d.' No further worh‘

‘was done with these proteln preparatrons.
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RESULTS AND DISCUSSION

' Oxidation of a Protein and Amino A01ds by Microwave Generated
Slnglet Oxygen

At the time these studies Were initiated; it was generally as—-
sumed that the dye sen51t1zed photoox1datlon ‘of protelns and amlno
'acads mlght proceed by a type II, s1nglet oxygen mechanlsm (Foote,-
'1968) The- work of Weil (1965), Bellln and Yankus (1968), Jori et al.
(1969a, 1969b) and others gave ev1dence for other mechanisms but - they
'do‘not seem applicable to the mote‘commonly used_oxygen"rich aqueous
systems, sensitized by methylene blueband rose,bengal, where.His, Met
and Trp are all observed to be oxidized.

In_spite'of the general assumption that the usual mechnism is
singiet onygen.mediated, it was'not'even‘hnomnjif proteins‘and amino
'acids'con;d be oxidized in a dye.free system by.singietioxygen. At

.H_least‘one very;sketchy_preliminary,teport (Possanioet ai,,'1970)HSug_f
NgeSted'that this.waSgpossible. Possani.et al. teported,that'ﬁan ef-
fect on hemoglobin" was observed,with a system mhere singlet okygen'
was presumably generated in aqueous phase in one chamber by the re-

[}

action of hypochlorlte and hydrogen perox1de and swept by a- nltrogen

stream into another compartment  which contalned the substrate. thtle‘

was said about‘the nature of the changes which took place in the hemo—
globin. Hemoglobin does notvlend.itself to activity assays and no.

amino acid analysis was reported.
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The;fépbrts froﬁ'the‘iabéfétbfy of:ﬁ.;R;‘géarns'(Merkel et~a1.,
1972;.Nilss9h et'al., 1972; and Nilsson ana Kearns, 1973) of £hé ef-
fects on the rate of dye Sensitizea'photoéxidatiéﬁé'of froteinsﬂand_\
Iamino aéiaé iﬁﬁsolutiéﬁs which either ephande or deé£éase effecfive
singlet oxygen.lifetime gave indiréét.évidénce for its‘aetion in these
foxidatiqﬁé. .éhe tests.consist-6§‘rﬁhnin§ the photoo#idations‘in
either deﬁterium éxide.or dilutéiktfpiéa;ly é;bl M) é?ide—watér solu;‘

tions. The lifetime of singlet okygen is about 20 useconds in ﬁzo.

'It is less than 0.5 USecohds in 0.01 M aéideJ Hence, photooxidations,

everything else being equal, should préceed up to 10 .times as fast in
deuterium oxide and less than one fourth as fast in 0.01 M azide com-

pared to the same reaction run in watet. They:appiied'these‘tests to

‘the methylene blué'sensitized photoé#idafion of His, Met (azide only)}"
Trp, trypsin and,aiéohol dehydrogenase (both ézide:and*Dzo) With re- |

‘sults cdnsiétent with a type IT singlet oxygen mechanism. Others have

sihce'appiied‘their-tésts to photoqgidation_pf.iysoiyme sensifized by

acfidine oraﬁge-(édhmidﬁ and Roséﬁﬁfan#z, 197?)'aqd,e6§in (Kgpka gnqlﬁ
Gioséwéiner; 1973) with results cgﬁsisteqt Qith-sihgle? éxygen mécha—

nisms. The idehéiéy;oﬁvamino acid'producfs wére-ﬁot.r;ported:in theée
studies. | |

The goai of my investigation was, then, to determine if dye

’frée singlet oxygen would react w;th:prpteinsfand'amiﬁqfacidsQand if -

"so, what the identities of the products were. The model systems:
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‘ selected for thls study used Singlet oxygen generated by microwave
discharge in low pressure_oxygen. Lysozyme (chicken egyg whlte) was

selected as a model‘protein because it is readily available, well

characterized, stable and amenable to enzymatic activity assays{ This 3.

:last point is important. Other studies by the author (not reported
here) 1nvolving the dye sens1tized photooxidation of myoglobin ‘were -
:inconcluSive‘largely die to lack of a convenient activlty assap.

The model amino acids selected for chemical product studies‘
were free Met, N—acetyl and N—glycyltryptophan (NAT and NGT) and"

N—benzoylhlstidine (NBH) . NAT and NGT were selected 1nstead of Trp

to avoid'the complications of melanin formation when TTR is not blocked °
'at the amino group' (Benassi, l967)ﬂ NBH was;selected,,instead of‘His,r

to provide fluorescent quenching for. analytical purposes as suggested,j

by Tomita et al. (1969) . The photoox1dation products of His do not
:react with ninhpdrin or Pauly s reagent andf.thus,“areuhard to visu-
.alige on‘thin'layer‘chromatogramsrit.a fluOrescent duenching "handle"
is not provided;- . | h ) -
Products of rose bengal and methylene blue sen51tized photo—-
-ox1dations of the same-substrates mere prepared for comparlson by
thin layer chromatography., These‘comparisons werelrun w1th a number .
of dirferent solventfahsorbent‘combinations to proﬁide.the greatest

possible différéntiation;
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A. Inactivation of lysozyme in solution.by oxidation ‘with

'microwaveldischarge generated singlet oxygen. When lysoéyme:was oﬁi—"

.dized by microwave discharge generated s1nglet oxygen in liquid (un—

: buffered water) solution, (as descrlbed in the Methods section), lt

" was totally.inactivated in two hours.- Samples‘taken at?0.5, l.Onand
2.Q‘hours-of-oxidation'had activities of lob, 50'and-0 peroent; rej '
spectively; relative to the starting'solution. i control, performed
to investigate the effect of vigorous low bressure bubbling-ofsokygen:
through the enzyme solution had activities of lOO'and'6é percent at

1.0 and 2.0 hours, respectively. As the'ihactivation was observed,

and it abpears'to be specifically dependent on the presénce of singlet

oxygen, since the control was inaotivated only to the extent of:BQ%
when the oxidizedﬁmaterial was completely inactive; further basic work

with this. system was in order. The protein work_Was set aside and .

* work with amino acids to check the chemical nature of oxidation prod-

ucts of protein'constituents was initiated.
. 'The lengthy'times_of'reaction seem to be_typical{of liguid

systems. Several authors had reported—oxidation of,olefins,and

. nucleic acid components in similar reactors,. butgthey did not usually

' make any note of the length of time'of their reactions. Work that

was used as a particular guide for my experimental_set;up was-reported '

. by Gleason, Rosenthal .and Pitts (1970) A discussion with Dr. J. W._ Bl

Peters,,of’Pitts laboratory, supported the finding that reactions of
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_thds type’are slow and inefficient‘(Peters, lé??’.' Inaa systen.of |
'this'tybe,'sinélet oxygen must travel from‘the discharée 2one, be
"drssoived in the liquid (at a 1ow"pressure where solubility is poor)'
and diffuse to the substrate for reaotion beforexit'is quenched. The
.average 11fet1me of Ag oxygen in water has been determined to be
'about 2 useconds (Merkel and. Kearns, 1972) Taken together, the ;n—“

eff1c1ency of such a system is not too surpr1s1ng.

-During the time that the baslc studles w1th amino acids were - -

' being made, Churakova et al. (1973) publlshed thelr study of the oxl-l

datlon of lysozyme in a system similar to.that descrlbed above.
They. reported that lysozyme could be 1nact1vated by radio-

: :frequency_dischargepgenerated singlet.oxygen and that His and Trp

disappeared in a manner which parallelednthat‘of méthylene blue sensi-

" tized photooxidation. They'did not repof't on the identity:of'the
products from the oxidation.of His‘and.irp. | |

Because this“report largely answered the majorséuestions (ex;f
'cept=for the.chemical identity of the.anino acid'products) about the‘
react1v1ty of érotelns in aqueous dye free slnglet oxygen systems, no

.“)

:,further work was done here with thls system.

B. 'Oxidatidn-of amino aoids:by microwave discharge“generated :

singlet 5x§§én. Table 2 lists the results of - thln layer chromato—

graphic.comparisons ofloxldatlons,of Met, (NBH), (NGT) and (NAT)




Table 2. Thin Layer Chromatographic Comparison of the rroducts of Photooxidation of Zmino

Acids with the Products of Oxidation by Microwave Discharge Generated Singlet Oxyger.

Rf (X 133) :
Solvent Solvernt Solvent Solvent Solvent Solvent Solvent
Substrate 1 2 . 3 4 5 6 7

Run Codes U MW RB MB MW RB UMWR.BMBUMW~RB}£BLT.\!'NRBMBUMWRBDBUSEW'RBE

Met

06093 31 31 39 37 _

08223 32 47 54 41 56
09143 . 72 73 - 53 54 54 53 4] 38 54 55
Met Prod.

(MetSO) .

06093 10 03 22 20 . -

08223 11 12 ) 33 33 - 39 40 30 29 61 62
09143 60 58 58 _ 41 45 43 49 47 48 27 27 26 67 68 68
NBH

09143 39 41 74 73 L 46 45

NBH Prods 34 35 37 52 55 55 23 26 24

09143 51 51 51 57 62 59 28 30 30

NAT '

06093 56 56 50 50 '

09143 - 6l 58 72 75 . 45 45 45 43

NAT Prod. R
06093 45 46 45 47 .

09143 50 53 51 79 80 81 50 50 50 45 47 47

. : 40 40 40

NGT

07283 33 34 - . .
08223 ° 37 J 43 42 65 69 42 40 . 10

09143 44 . 72 40 10

NGT Prod. -

07283 20 20

-08223 28 27 26 27 74 75 34 36 33 34 15 16
09143 35 37 78 77 - ’ 42 41 16 15

Solvents: 1. Butanol-Acetic acid-Water (4:1:1 by wvol.); 2. t-Amyl alcohol-Pyridine-Water (35:35:35
by vol.); 3. Methanol-Chloroform-17% ammonium hydroxide (40:40:20 by vol.); 4. Phenol-Water (75:25
by wt. on fresh Silica Gel-H); 5. 96% Ethanol-34% ammonium hydroxide(70:30 by vol.); 6. Propanol-
34% ammonium hydroxide (70:30 by vol.); 7. pH 4.25, 0.067 M citrate buffer .on Ionex—-25-SA
U-untreated starting material, MW-microwave reactor oxidized, %3-Rose Bengal sensitized photo~-
oxidation, MB-methylene blue sensitized photooxidation

90T
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Visualization was discussed in detail in ‘the Methods éﬁd‘Maferialé o R

section. Briefly, Met and NGT and their. products were visualized

with ninhydrin. Pauly's reaction was used-wifh‘NGH.;'Ehriiqh's re- '

action was used with NGT, NAT and their products. 'Eiuqrescent quenchi- :

.ing was used to detéqt‘NBH; NGT and NAT and their produéts.

. “The VaL;eé'éb£ained on various days wi;h‘va:ioué.fung are
"hpteé from onéirﬁﬂ té“an9£her.' This is:tfbical‘df‘resulfs oﬁsérved
using ﬁiXed:solvehts on-Tﬁd plétés'of varying_degfees éf activatién._
(see Benner et al., P',391 in Stahl etlgi;, lQQS)ﬂJ Héwevér, éQen.-'
though‘thefé waslgqhsiderable variapio@lfroh‘ope run to‘aﬁofher, in
gﬁy.given run the Rf values éf m;crqwave‘énd dyereqsitized phétq_

oxidation products matched and R_ values were inrthe‘éame order from .

£
one piate to another.” The close‘cb?iesponaeﬁéeVéfzﬁhe~prodﬁ§£s r@ﬁ '
at different timeé'usihg differéﬁt solveﬁts and adééfbagt éystemsvis
good evidence that the products are identical.

‘. The éfoéﬁ;ts.ﬁéve been identigied in:thé 1ité?ature'%s ﬁethi;
onine su%foxide (Metsbi from Met (Weil et al.;leSii Jbri etral.}-
|1968){'N';fgrmyl—N¥(aqetyl or.élycyl)fgyhﬁréﬁineé ffom‘NA? ah@lNQf
(Bepaééi et-al.,li967;'Savi§e, 1971i; anévgﬂcgﬁplex ﬁi;ﬁuyé'df uéf£o.
20 6? so products from NBH (Tomita et al;,'l969).

Work reporﬁed in the section on thé dye free,éindlet oxygén

A oxidation'of Trpﬁéﬁowsfthat the prdduct of tﬁe hydfolysis of the prod-

" uct of roée-beh@a; sensitized bhotqokidaﬁipn,of NGT. is identical with’
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anthentic Kyn, supporting the above reports The preparatlon of MetSO

from Met by dye sensitized photoox1dat10n has been- reported by a - num-

ber of authors and can be consldered essentlally a standard prepa—

ratlon; Only two products were - always observed with NBH. No attempt ‘

"was made to 1dent1fy them, other than notlng that they were no 1onger‘~

reactlve ln Pauly s_reactlon 1nd1cat1ngld1srupt1on of the,lmidazole'
ring.. |

| The apparent 1dent1ty of the products of dye sens1t1zed photo—'
oxidation and microwave generated s1ng1et oxygen . ox1datlon of these
amlno ac1ds,and the ability of dye free slnglet’oxygen-to 1nact1vate
a protein providesrdirect evidence for-the mediation3offsingletibxy—
gen in the dye sensitized photoonidation of‘amino acidshand proteins.

These results clearly-show that the products observed'from_dye sensi-

-tized-photookidationé can also be produced by a dye free'singlet,oxy-}f

gen-system. This,‘taken together with the reports (discussed above)

"by Nilsson.et al. (1972) .and Churakova et al. (1973), makes it almost

a certainty that dye sensitized photooxidations:of-proteins sensitized

' 'by rose bengai and methylene blue do'empioyga singlét oxygen mechanism..‘

Hematoporphyrin'Sensitized Photooxidation of LysozymeE Effects of - .
Slnglet Oxygen Enhancement and Inhlbltlon . S ’

The hematoporphyrln sen31t1zed photoox1datlon of lysozyme_'

(chlcken egg, whlte) was 1nvest1gated to conflrm and extend the ‘reports

. of Jorr,et-alu-(l969b, 197l). They reported that when a lysozyme
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moleculeIWas sensitlzed by hematdécrphyrln inVa‘thtocxidation,:oneI
of its twc'nethlonines was rabidly‘and'cleanlyiconverted.to methicnlne.
snlfoxide, yieldlng a prcduct'of 53% enzymatic actiylty. fhe inltial-‘“
. Phdtcoxidation tock nlace ln about“Six minutes,.givlnélthe‘One‘Metéd,
but up to 360 minutes did not affect'any-further photcoxidationm 'Not
‘other re51due was ox1dlzed, not even. the ones’ usually sen51t1ve to a
photooxidation. They also reported that, w1th free amino a01ds, hema-
-toporbhyrin wonld,sensitize the phctooxidation-of only Met of. the |
' usually Susceptible ones: His, Trp, Tyr, Cys and Met (prov1ded Trp
was blocked at the amino group).

This system was, then, of_considerable interest as it offered;
the.possibillty of a hichly selective Qay_to mcdify:het invan.intact
protein to investigate itS‘significance'in-the nolecule, This‘also
seemed, due to its high spe01flclty, to be an excellent candldate for
a Type I sensltlzed photooxldatlon mechanlsm lnvolvlng a dlrect 1n—
,ﬁ,teractlon between the'dye molecule and the substrate, av01d1ng a

'51nclet oxygen medlator which would be expected to be less speclflc
" 3 in its action. Bcth of these aspects were of 1nterest when this in-
'.vestigation'was startedl Jori ét al (l971) also reported that the
1nteractlon ofllysosymes with hematoporphyrln caused a Shlft in the
" absorbtion spectrum of the dye. .Investlgatlons.cf thls,are repcrted

here in a later sec¢tion.
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In a.series.of preldminaryexperinents;not reported in detadl
here, the author was unable to reproduce the reported data of Jori-
et al (Extens1ve reports of-thls data are not 1ncluded here‘as they
essentrally duplrcate.the controls in the followrnglreportsr) In‘the
prelimiharf enperiﬁents, henatoporphfrin was nsed to'sensitize'the |
photooxldatlon of lysozyme at pH 6 2 (well w1th1n the pH 2-6.5. range
reported by Jorl et al.) with the loss of 70~ 909 of the enzymatlc ac-
~ tivity (vs. the 47% reported). When the amino acld compositions of
these ektensiﬁeiy-photooxidized products were'examined(_considerab;e
lossgof His‘waS'noted}‘ The‘;ossloanis wag notable eten‘in:oases'
where little to‘no Met was oxidized. | |

The resﬁits.obtained by the author-were ﬁore consistent with-
What,has:been.observed hy others for'theqdye‘sensitized-photooxida—'.
:tions ot proteins and thedr constrtuents sensitisedvby the more com—
mon sensitizers methplene blue and rose benga1:(cf. Weil et al.y.i9521
for 1ysozyme with methylene blue). | |

It was of 1nterest then to dnvestlgate the mechanrsm of the,
hematoporphyrln sen51t1zed photoox1datlon of 1ysozyme by the most
'deflnltlve;methods avallahle. Thls proved o be the test systems of .
.f;Nilsson,“Merkel and Kearns'(1972;_Nilsson and‘Kearns, 1973), discussed ;
.in-detail‘in the:preoeding‘seotibn,*utiiiérng dedterium,oxide and--
azdde.photOOXidation media. to respeetdvely,enhance or inhibit singlet k

oxygen oxidations.
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The flrst experlment reported here examlned the dlfference in
rate of hematoporphyrln sensitized photoox1datlon at pH 6 2 in the’
presence and absence of lO -2 M azide. The;enzymatic activity was used

as an.index of the extent of reaction. The second experiment reports

the effect on this system of 10_3 M'azide and_l'o_3 M DABCO (1,4-

diazabibyclo[2.2;2]octane).

Subsequent experlments report the effect of runnlng the sensi-

tlzed photoox1dat10ns in deuterlum oxlde and O 02 M a21de at PHS of

4.7‘and 6.2,

"A. 'Figure 8 shows the results of thetfirst-experiment men;

“tioned' above. . The spe01f1c experlmental condltlons are noted 1n the

Methods section. Brlefly, 114 UM lysozyme was photoox1dlzed with

257 UM hematoporphyrln in the presence and absence (control)_of.lO_.2 M
azide; éampies.uere taken for enzpnatic.actrvityuanaiysis at various
tlmes (0, 1, 2, 4 8, 16 and 32'minutes) to determine.the extent ot )

reactlon. The ordlnate ‘of the graph is percent spec1f1c act1v1ty rel—

.ﬂﬁative to the orlglnal.preparatlon as determlned,fromjthelLowry values

* for.protein concentrations.

This'determination clearly shows the inhibition by azide of -
photooxidation.sensitized by hematoporphyrin. The inhibition shown’

here is not as dramatic as that reported by Nilsson and Kearns (1973).

. for the dye .sénsitized photooxidation,ofjtrypsin'and alcohol
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Figure 8. Comparison of azide inhibited and control photooxidations
in hematoporphyrin sensitized inactivations of lysozyme in
0.01 M pH 6.2 phosphate buffer. Lysozyme 114 uM, dye
257 uM, azide 0.01 M.




] 113 .

dehydrogenése. Using methylene blue as a sensitizer, they reported

almost total protection with 1072 M azide. They point out that the
lifetime of singlet oxygen in 10-%‘M azide is less than 0.5 Useconds

vs. the 2 liseconds observed in water. The results shown here indi-

. cate a singlet oxygen mediated reaction.

B. Figdre'9 shows the results of the photodkidation in the -

" presence of 10 M azide and 1073 M DABCO. The selection of these '

concentrations of inhibitors was ‘due to an efror.on‘the part of the
authbr. The azide cqncentration:is a- tenth that proposed'by Nilsson

and Kearns (1972) .and which was used to good effect. in the preceding ..

" experiment. Anderson et al. (1974) reporﬁlfhat DABCO is not an ef- .

feqtive queﬁcher of singlet oxygen ip aqueous systems at 0.05 M, wﬁich
is 50 times what was used here. .The data are:inéludedfhéfe not_és a .
éomparison, as,thé inhibitor-leveis é?e too low to inhibit efie@i;.
tively, but és a demanstration that the hématoébfphyrin”sensitizéd
pﬁotooxidation is %éproducible aﬁdzto,proviQe a Bééis for‘£he_amiﬁo

acid analysis data. Note that the‘enzymatic.aétiﬁity valueé ghowni - -

for each data point are relativéfto the value of the.first point on.-
‘each qurvé.: The curyes.are normalizé&'in this manner. to make compari~-

sons clearer. - Subéquént data will be shown in- this manner.

One of. thé main goals of this éxperiment was to verify the re-

port by Jori et:al‘(1969b).that-phéﬁookidafion éénéitizea by
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Figure 9. Photooxidation of lysozyme sensitized by hematoporphyrin
in 0.1 pH 6.2 buffer. Determination of the effects of low
concentrations of the singlet oxygen quenchers azide and
DABCO on the rate of inactivation.
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hematoporphyrln in the PH range from 2.5-6.5 ox1d1zes only methlonlne..

Table 3 shows the results of the amino - ac1d analys1s of the flnal

photooxidized productse_ It had been hoped that this experiment would
"say something about the effect that azide has on the specificity of

reaction regarding products. Due to the low level of azide, and its

resﬁlting smail protection, the azide values can probably be consig- .
ered essentially duplicate.ahalyses.of:the‘controlu

fhe surprisinc aspect of this‘data was:that;'contrarYCto Jori's_
reports, there was little apparentzdamage'to the Met; almost}compiete

destruction of the His and extensive damage to.the'Trp,-prodﬁcing Kyn.

"ThHis clearly shows the destructioh of the His and Trp. In previous

determinations of.methionine suifOxide ruh by 3.5 N“sodium hydroxide
basic . hydrolyses, falrly close agreement was observed for the for—
mation of the sulfoxide and loss of Met. . The sulfox1de could be ob—
served in the chart outputs in this case, but the amounts were insic¥
nificant, . belng less than 10% of the Met peaks on the same chromato-
grams. The lack of effect for the DABCO is cons1stent w1th what is
known of the mechanlsm of quenchlng by this molecule. “Xoong et alh ;
(19?3) report evidence that the quehching of'singlet“oivgen,by.amihes,
especially tertiarvzamines; proceedsﬁbv a charge transfer mechanism,.

(*o, + iR, > 0,7 + #NR, > %0, + NR;) .. This would not be expected

"to be very effectlve at a pH of 6 2 where tertlary amlnes llke DABCO

will be protonate&. The nitrogen forms a posltlve charge,llf the
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Table 3. Amino acidlanalysis of lysozyme photooxidized in bresenée
' ) of hematoporphyrin at pH 6.2 in 0.1 M phosphate buffers in
the presence and absence of negllglble amounts of sodium -

azide.

Amino Acid Residue - 788-74 ' 790~74 Standara’
His residues. less than 0. l ‘less than 0.1 1.0 .
Met 2.2 R 2.0 2.0
Trp 2.9 2.9 6.0
Kyn 0.6 1.3 0.0 -
CysH 5.0 5.7 8.0
Tyr 2.8 2.9 3.0
Lys 5.0 5.3 6.0

" Arg - 10.4 11.4 11.0
Asp ‘ 21.5 24.4 21.0
Thr 6.7 7.5 7.0
Sexr 9.8 10.8 10.0
-Glu 4.9 5.5 5.0 -
Pro 1.8 2.1 2.0 .
Gly 12.6 13:5 12.0
Ala 12.2 13.8 - - 12.0
val 4.0 " 4.1 6.0
Ile 4.5 4.5 6.0
Leu 7.4 7.8 8.0 -
Phe - 2.9 2.6 3.0
Enzymatic ‘ . . C

Activity 7% 8%

The results shown are for methanesulfonic acid hydrolyzates.
The parallel basic hydrolyzates were not computed when visual exami-
nation of the data showed negligible amounts of methionine sulfoxide.

788-74 control -3
790-74 photoox1d1zed in presence of lO M azide

lstandard values for the amino acid content of lysozymeé taken from
Atlas of Protein Structure 1966, ed. R.V. Eck and.M. O Dayhoff,
Natlonal Biomedical Research Foundation.

Refer to Table for typical values for unox1d1zed lysozyme hydrolyzed
by the same method. . ) . .
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zyme in 0.1 M pH 4.7 acetate buffers. Lysozyme 103 UM,
dye 257 UM, azide 0.01 M, deuterium greater than

99 atom %.
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mechanism is correct, which should be discouraged if a net positive -

charge is already there.

C. FigureJI)COmpares the results obtained from hematoporphyrin'

sens1tlzed photoox1dat10n of lysozyme ln deuterlum ox1de or az1de
"'medla at pH 4.7. The condltlons were. lysozyme 103 'M, hematoporj
:phyrln 257 M, a21de 10 M, $he scatter-onthe:data; particularly:
for the.control-—water~acetate buffer:only——llmltslthe‘usefulness ot
~this result; but the trends‘are clear. Deuterlum:oxide meuium en-
hances'the sensitized photooxidation proeess while ariQe lnhibits it.
'A somewhat. less viéorous reaetion:&n the eontrolAis noted.here at

pH 4.7 than in the previdus experiment at pH 6.2. Although reaction

conditions are sufficiently-different, direct comparison‘is.difficult;f

the lower reactivity-is'consistent.with what has been.reported‘hy a -
-'number of authors for the pH-dye sen51t1zed photooxmdatlon act1v1ty

':_proflle (Well et al., 1952, Sluyterman, 1962)

D. Figure 11 compares the results of -inactivation of lysozyme

in azide and_deuterium systems at:pﬁ 4.7 while Figure 12 shows the
'sameé comparison at éH'6:2 ‘ Table 4 llStS ‘the. 1nd1v1dual data p01nts

for both The results shown for the phosphate pH 6 2 systems are -

fairly conisistent w1th ‘what has been seen. in the prev1ous experlments'“

in this System. The acetate pH 4 7 system results were somewhat sur--

‘prisingr' The results shown here more closely resemble those of
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Figure 11. Comparison of the azide inhibition and deuterium enhance-
ment of hematoporphyrin sensitized photooxidation of lyso-
zyme in 0.1 M pH 4.7 acetate buffers. Lysozyme 105 uM,
dye 205 pM, azide 0.02 M, deuterium oxide greater than

99 atom % 1D2.
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FPigure 12 Comparison of the azide inhibition and deuterium enhance-
ment of hematoporphyrin sensitized photooxidation of lyso-
zyme in 0.1 M pH 6.2 phosphate buffers. Lysozyme 105 UM,
dye 205 uM, azide 0.02 M, deuterium oxide greater than
99 atom % deuterium.
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Table 4.‘ Relative percent specific activities and percenf gpecilfic
activities for the deteriinations detailed in Figures 11 & 12

Time of pH 4.7 Acetate Buffefs PH 6.2 Phosphate ‘ Buffers
Sample Control Azide Deuterium Control Azide . Deuterium
{min.) : ’ >

0 100 80.5 100 80.3 100 93.5 ~ 100 98. 100 95.5 100 95.5

1 100 80.5 ‘122 98. 96 90. 82 80.5 85 o1. 64 61.

2. -~ == 99 79.5 102 95,5 " eh 66.3 84 80. 49 47,

4 93 75. 86 69. (102 95:5 - 68:66.3 93 88: L34 32,

8 -~ -- 101 8.5 90 84,5. 39 38. 84 8O, 17 16.
16 -~ -= 111 89, 58 54,5 32.31. 84 8o. 11 10.
32 72 58. 100 80.5 30 28,5 16 15.5 63 60. 7.8 7.5

" 64 74 60. 101 8L.5 9.6 9. 9.5 9.3 5351 4.2 4.0
0.5 100 93.5 Co 71 67
3 102 95.5° . ' 37.36

The values for 0.5 and 3 minutes for the deuterium expériments were not

plotted in the figures.
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Nilsson and Kearns (1973) where azide nearly completely ihhibits the
sensitized photoqxidation. | "

If it wefe not for the nearly absolute inhibitionxobserved in
" the acetate buffer system with O;O2,M.§zide, it would'beifempting to
inﬁerpret the results shown here as,a:shift ffom a Type"I meéhaniém;
of dyé bound as suggested by Jbri (1271), fo_a Typé-iI mechanism in
thé presence of deuterium stimulation. ‘The possibility that azide
‘quenches the triplet state 6f the sensitizer, directly blocking both
Type I and Type II mechanisms, can't be ruled out. Work by Hasty
et al. (1972) and Foote et al. (1972) sugggst tha£ this_is not vefy
1ikély as studies with other sensitizers show poor competitién of
azide with oxygen for reaction with.dye tripiét. ‘Jori's suggéstion
that the dye is bound, might, however; expiain tﬁe differences qb—
‘sgrvéd in this expe;iment and the previous one with a Higher dye:en-
zyme ratio. Tha£ some sort of infefactién takes plaée.bethen the .
dye and the prétein is indisputabie, as in solutions of greater than
.about 50 UM lysozyme, eventually_the dyehand, apparently, most of the
protein will precipitate giving coiorleés‘solutions. IThis is at both
pPH 4.7 and'6.2. In‘more dilute solufions; e.g., 10 uuM, the.solution
is stable and will remain pink indefinitely Qith no yisibie precipi- -
tate. The precipitation is a functioﬁvéf both Ehelgye and the pro£ein
as éither alone is stable at pH 6.2‘at up to lOQd'uM'cbhééntfafions.

At 1000 uM, the comb_ination' precipitates rapidly. '_One might speculéte'
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that fhe:slichnly niéher dye:protein no;af.fatio-inhnhevnreceding en—“
perimenﬁs 2:6:1 vs.'ézl, might permit enough unbound dye to serve as
a more efficient sensitizer for ;hé readily susceptible residnes of
the'protein. The bound dye may sensdtize, but dne no.being bonnd,may
do”so poorly because of either steric'considerations (tne oxygen can't"
t get to the dye) or electronlc ones (the bound dye trlplet -either does
not form or is quenched). The 51nglet oxygen may not have access to :
susceptlble re51dues as easily as it could 1f generated free of the
"proteln. The- sane suggestlon can be applled‘to che dlfferences be-
ytween the pH 4 7 and pH 6.2 resultsl' Posslbly,“there';s_more freedye1T
avallable to sen51tlze oxidation ln the 6 2 case."It is normal noseeh.
higher sensitized,photooxidation sens1tiv1ty at hlgher pﬁ. The:dif—
ference here is 1.5 units in the region wherée the His iﬁidazole loses
'ins‘proton}{ This may:be a more-iikely reason for the.difference.

Whateven‘tne fine points ofnthe reacﬁion nay*be;.tne conclu~
sion, from;the results shown herefnnhat.the mainxéhotooxidanion_nro_
cess is'singlet-oxygennmediated”seeﬁs inescaéabie;

The_general_observations thaﬁ'canlbe made‘fioninne_amihoﬁacid
analyses'shown:inlﬁah;e‘5 are as‘foiions:

1. In both;systems, acégace.and phospnane; ogidation of

His is very acnive'dn'deuter;um oxide.”'The loss of-%isfseems to

parallel loss of. activity moré than other residues. This,ié,tYpiéal
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Table 5a. Amino acid analyses of lysozyme photooxidized in the pres-
ence of hematoporphyrin with deuterium oxide or azide
present: methanesulfonic acid hydrolyzates

Amino Acid Analyzer Run Code:

N Reported : '

Residues Standard 815-74 816-74 817-74 . 813-74 818-74
His 1 trace 0.7 0.8 " trace 0.1
Met 2 " 1.8 1.9 1.7, 1.1 1.7
MetSO 0 0.2 0.2 0.2 1.0 0.5
Cys 8 5.1 5.2 5.2 5.5 5.1
CySO H" 0 - trace trace - o 0.2 "0
Trp 6 3.4 5.0 4.1 1.8 4.5
Kyn 0 1.0 0.5 - 0.1 1.3 0.3
Tyr 3 2.9 3.0 2.9 3.0 2.9
Asp 21 22.0 22.4 21.8 23.3 21.4
Thr 7 7.0 7.2 7.0 7.5 6.9

10 9.8 9.9 9.5 10.3 9.4
Glu 5. 4.9 5.1 4.9 5.2 4.8
Pro 2 2.0 2.1 2.1 1.9 2.1
Gly 12 12.5 12.8 12.4 13.2 12.1
Ala 12 12.2 12.7 12.2 13.0 12.0
Val 6 3.8 3.6 3.8 3.8 7.3
Leu 8 7:3 7.4 7.3 7.8 4.3
Ile 6 4.1 4.3 4.3 4.5 2.7
Phe 13 2.6 2.6 2.7 2.8 2.7
Lys 6 5.1 5.3 5.6 5.7 5.1
Arg 11 9.8 ©10.2 10.8- 10.6 10.6
Ammonia 16 23.1 21.0 21.9 - 24.5 23.1
Enzymatic : , ' "
Activity 100 9 74 100 4 53
815-74 -~ pH 6.2 acetate-D,0
- 816-74 -~ pH 4.7 acetate control

" 817-74 ~ pH 4,7 acetate azide

813-74 - pH 6.2 phosphate-D,0

818-74 - pH 6.2 phosphate azide

From Table 3 - pH 6.2 water 10% aé¢t. < 0.1 His, 2.2 Met, 2.9 Trp.
0.6 Kyn ' . - -
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Téble 5b, Amino ac1d analyses of"’ lysozyme photooxldlzed in the pres-
ence of hematoporphyrln w1th deuterlum ox1de or azide
present: ba51c hydrolyzates

| ‘ “Amino Acid Analyzer Run Codes:
, Reported - o . L
.- -  Residues Standard . 820-74 .. .819~74 .° .821~74. 814-74
L Met 2 2.1 2.0 2.0 1.6
. © Metso o 0 0.3 . 0.2° 0.4

Asp 21 " 15.8 9.3 - 18.6 7 17.3

The 7 0.7 0.7 0.1 0.8

Sser ! 10 3.4 3.7 2.4 3.9

Glu 5 1.4 1.4 4.5 1.6

 Pro 2 0.7 - . 0.4 L 0.8

Gly 12 13.1 . .10.7 - 18.8 17.1

Ala 12 16.4 3.4~ 18.1 . 18.3

Cys 8 0.1 o .. - 0.2 0

val ‘6 2.7 2.6 2.6 7 3.0

Ile : 6 $2.6 7 . 2.6 .0 2.5 "2.8

Leu’ 8 8.1 . .~.8,3. 7.5 8.6

Tyr. 3 3.0+ 2.8 209 3.0

Phe 3t 2.3 2.1°. . 2.3° - 2.6

Enzymatic - _.. ' - . S :

Activity 100% 4 74 100 . 9

814-74 - Phosphate—Deuferium oxide "

819-74 -~ Acetate-Control '

- - 820-74 - Acetate-Deuterium oxide
- 821-74 - .

Acetate~Azide
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of what is observed with the methyléne blue sensitized photooxidation

of lysozyme (Weil et al., 1952).

2. In the controls and azide systems, the higher pH.phos- -
phate system favors oxidation of the ‘His. In fact, it seems well

protected at pH 4.7 in water and azide.

3. Met seems to be more susceptible at pH 6.2 in deuterium .
oxide than at pH 4.7. This may be due to unfolding when the His is

oxidized.

4., Not much can be said about the oxidation of Cys. There
.does seem to be a slightly greater loss at pH 6.2, but this is prob-

ably not significant.

5. The amount of Xyn produéed ana thg améunt of'Tfp miss-
ing haé_yet.to balance in a hematopérphyrin sensitized.OXiéaﬁion'of
lysozyme. This is somewhat contrafy tb the gquantitative cqnversions
and recoveries reported by Galiozzo et a}.:(1968) for the proflavin
sensitized phqtooxidatiéﬁ éf 1ysoz&me anqlthe Workﬁreﬁofted‘here on
non dye singlet oxygén oxidation of Trp. This may ?e more in line
with the work of others where they observe other products (Asquith

and Rivett, 1971) and not a qﬁanﬁitative Kyn productipn.
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6. Tyr was not destroyed under these conditions. Actu-'
‘ally, demonstrations of Tyr destruction by sensitized photooxidation

of an intdct protein are rare under pH 9.

7. -The'identity of-the_residues destroyed,is apparently
not affected by the éresence of eather azide or'deuteriun;: The onTy :
obvious effect'that‘they have is'one the'oyeraliyratehof oxidation, |
The pH apéears.to he the only.faetor‘which hés‘é definite effectfal
on whlch re51dues are ox1d1zed. | | . o

h recent report by Walrant and Santus (1974) dlscusses the
,‘quantum ylelds of the photoox1datlon of Varlous amlno ac1ds, partrcu—
g:larly Trp, HlS and Tyr both free and in small peptldes, sen51tized )
by N—formyl Kyn. Irradlatlons were w1th llght of 320 nm, and longer,»
'wavelengths, av01d1ng.the Trp and Tyr absorbances at 280 nm. They
used the deuterlum ox1de and az1de tests. They found that, at pH 7. 6
the His' seems to be ox1dlzed solely‘by 51ng1et oxygen. It has rela-hf‘
tive quantum ylelds of 5. 8 29 and 0 for water, D O and a21de (10 zhn,}
“respectlvely.; The correspondlng values for Trp are 14, 49 and 6 4
‘The values in water for Trp 1n bov1ne carbonlc anhydrase, Trp Tyrv
' peptlde and N—methyl Trp were 3. 8,f5 5 and 8 7, respectlvely. Thls
together w1th some other data was 1nterpreted as show1ng a comblnatlon-T

of mechanlsms w1th Trp.- They suggested that the major pathway 1n

water ‘was 51nglet oxygen, w1th a component, p0551b1y due to
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superoxide ion (02~), which becomes evident in azide solutions. Un-—

fortunately, they did not report on the effect of the déuterium/azide '

test with the peptide, protein or N-blocked Trp to see if mixed mech-
anisms are important there.

This interpretation would be consistent with the loss of tﬁo
'Trp but only 0.2 His in the acetage azide results reportéd'here.
Nothing in their report bears direétly‘on conditions at pH 4.7 aé they
worked at pH 5.7 and higher. | |

Képka and Grossweiner (1973) reportea on é éystem of photo-
oxidation of 1ysozym; sensi£ized by eosin whicﬁ has some features
similar to what wés'repor£ed here. They presented éood evidence for
'the binding of one mole of eosin per 1yéozyme, ét éHs of 4-11, close .
enough to Trp-108 to quench its fluorescence. ‘At low pﬁs, 4-6, they

‘report that the quantum efficiency roughly parallels the percentage of

dye bound, but that sdrprisingly,'the Trp is somewhat protected. ‘When '

they go from water to deuterium oxide, the Trp destrugtion is‘the same
or less, even though overall inactivation quéntum_efficiency is 5—10
times greatef sugééstiﬁg an "internél singlet okygenh 5etween Ehe aye
and the Trp which is rélatively 1es§ affécfed.bf therﬁfegence of‘D;O'
on azide. | |

The results of the expgriments reported here‘are‘completely
consistenﬁ with the hematoporphyrin sensitized photooxidation of -

lysozyme proceeding by a singlet'oxygen TypérII méchanism.' The
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observations of enzymatic inactivation, in the case of the reactions;

run is s1mple buffers as well as those performed in deuterlum oxide

and a21de solutlons, and amlno acid 1osses fall to support the ob— B

servations reported by Jori et al.-(l969br 1971). TheSe results are

‘similar to what has been observed for 1nact1vatlons sens1t1zed by

methylene blue and other dyes and s1mply can not support a hlghly

selectlve mechanlsm,'

Dry- State Oxldatlon -of Amino Acids. and Protelns by Mlcrowave
Generated Slnglet Oxygen ' f

" A. . Thin layer oxidation of amino ac1ds. ‘The oxidation of

amino acids, and other.substratesq d;rectly:on a thin,layer chroma- .

tography sheet was originally;attempted to save some- time.and effort
_in the study of‘the#interactions of singlet:oxygen'generated by the .
' microwave reactor. Previous' studies, reported in the section on

“woxidation of a Protein and Amino.Acids'by'Microwave Generated'singlet:

Oxygen" showed that whlle 51nglet oxygen generated in thlS system

would oxldlze amlno ac1ds, the reactlon is slow and 1nefflclent Thls

is presumably due to the dlfflculty of gett1ng the 51nglet oxygen to
the substrate before it is quenched by the water solutlon.
A preliminaryjcheck showed‘the operationgof thls system is

'rapid\and,convenlent'and that oxldation of Met on silica gel thin

.,layer'sheets occurg easily. .

ol
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1. When 10 ug of Met ‘was exposed to 51nglet oxygen on.
Bakerflex 1B 51llca gel TIC sheet for 15 mlnutes, as. descrlbed de~
‘veloped ‘with the" BAW eluent and v1sua11zed w1th nlnhydrln,‘spots,z
hav:.ng‘Rf s of 0.42, 0.23 and 0 13, appeared. A control of 10 ug on
. the same type TLC sheet, but not exposed, showed a 51ngle spot at
Rf 0.40. Vlsual estlmatlon of the 51ze and den51ty of the spots on.
the oxidized strip showed oyer half of-the_total Mét wasfin the Rf'-.
0.13 spot. The'0;23 spot was-minor/eestiﬁated at Iess than 20% of
: the total whlle the 0.42 spot presumably unox1d1eed Met, approxi-
mated 308, These Rf s compare with other runs. on Met and 1ts products
' ofhphotooxidation, reported in Table,2 (developed with BAW) of 0.32
and O 11. A comparlson of materlal OdelZed in the presence of rose :
bengal had Rf values of .0.46, 0.28 and 0.18. TheAO.lB spot.oorre-
lates w1th methlonlne sulfoxide (MetSO) whlle the ﬁinormO.ZS spot

,seems to be methlonlne sulfone (MetSO ), although thls was never un-

.equlvocally establlshed.- This spot_was'not,observed unless photo~'

oxidation of Met‘was continued to nearly completion’ so its appearanoe‘

 here wheén a sizable‘pOrtion‘of'the.Met_had'not reacted was puzzling.

2. .When:this'technique was used'with His (not NBH), Met,

NGT, Ala and Cys,, the follow1ng R 's were observed w1th the oxldlzed

materials (BAW-and nlnhydrln):' HlS 0. 21 (weak spot),.O 10 ‘Met O. 40

0.21, 0 11; NGT 0. 44 0 36, 0. 27, ala 0 23 Cys 0.16. _Control values




131
were: His 0.10; Met 0.38; NGT 0.37; Ala 0.23; Cys, 0.2L. .C.omparison
values from photooxidized materials are (from Table 2): His not ob-
served; Met 0.46, 0.18; NGT 0.46, 0.36; Ala not done; Cyé2 not done.
The results for the Me£ and NGT fairly well correépond to the photo-
oxidized results.. Tﬁéulack of obvious reaction wi?h Ala is cbnsistent

with its reported dye sensitized reactions' and what was observed in-

the section on non dye oxidation of Trp here. While several solvents

have been tried, no good system for Tic of Cys, and its photooxidation
p;oducts were developed here. N&t a éfeat‘deal of effort was put.in-
to this search. . What was observed w&s of suéh poor quality‘(long
tailing and no differentiatiop) that no other mention is made of it
in this report. BAW gives a badly streaked Cys, spot. No product
spot had ﬁeen,previously observed with His,'wﬁich is why NBH was gen-
erally used in these sﬁudies.‘ The product spot'that-was observed hére
was very faipt,vwhile the parent spét showed COnSideragle diminuation
compared to the control. . .

From this; iflwas qoncluded £hat the reaction of amino acids
ih this system wés similar to dye sensitized photooxidations or micro-

wave discharge flow system liquid oxidations. This system seems to-

“be more reactive than dye sensitized systems and much more reactive

than the liquid flow—diécharge reactions.
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3. A few'surpriéing rgsulté Weré ébt;ined from,fhe at- -’
tempts as déscribed to optimize the reactor cgﬂditions. Very little
aifference coﬁld be detected bétweén ény pressu;e“or power setting
" or length of oxidation in the na?ﬁre of the ¥eéu1§s with Met. Three

spots were_alwaYs observed. The ones with R_'s of 40-43 (parent Met)

£
and 12-15 (MetSO) were approximately equal in‘densitf. Whi;e tﬁe oné
'at 23-26 was faint,.perhaps 10% of the others. Thé_main differencg
between the extentvqf oxidation noted in this series aﬁd the previous
two préved to berthe brand of the‘silica gel TLd'sheét. Bakerflex 1B
gives bette¥ convéfsiéns with io Hg spots-thanlEK 1319;.' The NBH |
results were puzzling. Tomita et,él. (1969) reported up to 20 prod-
ucts from dye sensitized pﬁotooxidétion of NBH.  Only two product
_spots were observed on TLC's reportgd in Téble 2 frqm béth.éolution
microwave generatedigihglet oxygen énd dye sensitized oxidatiéns.

Typical BAW R_'s for these were 0.34 and Q.Sl with the parent spot at

£
about 0.39. 1In short, dry exposures (15 min), NBH gave three spots

of R

¢'S 0.39-0.40, 0.58-0.62 and 0.71-0.74. At one hour, two spots

were observed at d.28:and 0.39. Thé-0,39f0ﬂéb.spoté aretstartiﬁg
material, but the others don't corfeléte Qéli at élif élthough tﬁe
0.28 might.correqund,to'the 0.34 .dye éroduct. fhi; is the only in-
.stanée of non Eorréspondence betwgén d&e sensitized phqtbé#idapions'
aﬁa the microwave s&sééﬁ, wet or Ary observed in this wbik. In view

of the complicated nature of the NBH'system,'I am'uﬁable to ascertain
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its significance. Tomita reéorted that tﬂé_nature.of the producté
observed changed Qitﬁ length of reaCtiéh time,sincesomelwhich formed
initially went on to other product;. )

The NGT gave two spots, the parent a£10.39-0.43 with a broduc£
at 0.30-0.31. The NGT results were visualized‘with both ninhydrin
and Ehrlich's reagent. The produét.spot gave a yeliow_reaétionitypi-
cal of Xyn and its derivatiﬁeé. Tﬁese vélues compare with oﬁesiof:
0.39~0.44 and 0.29-0.30 from earlier work. Nothing.useful was learned
from His or Tyr. His showed only the parent spot and Tyr showed a.
long streak from the origin to about R .

£ 0.4, as did an unoxidized

control.

4. When a thin film of Met (40.Ug/cm2§ on glass was ex-.
posed in the reactor for one hour and theh.chrbmafégraphéd, as de-
‘scribed, apparently nothing had happened. One spot was observed in

the chromatogram at Rf 0.39.

‘5. The same results were oblsérved when the Met was exposed

on a cellulose acetate strip.

6. No useful results were obtained from the oxidation of
Met on alumin TLC sheets. - None of the eluents used would differen-

tiate between Met and standard photooxiaation produced MetSO. No
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data on TLC of amino acids on alumina were available in any of the

handbooks, a fact for which I suspect there is a good reason.

7. When oxidation of Met was attempted on MN-300 micro-.
crystalline cellulose TLC sheets, nothing happened. The oxidized

material matched the starting material at R_ 0.50 on the BAW developed

£
sheet and 0.69-0.71 on the propanol—butanone—HCl sheet. -Photooxida-

tion produced MetSO ran at 0.34 and 0.37, respectively.

8. When Met was exposed before and after being chromato-

.graphed on the silica gel TIC sheet, as described, then rechromato-

graphed at right anélgs, complete copversion was noted.on the second
exposure. The same thing done with MN-300 cellulose showed<sqme small
conversion on the second exposure. From this, it was concluded.that
the Met has to be spread out enough.to be in intimaée conﬁact with |
silica gel surface and available to the gas for the oxidation to take
place. In other runs, where incomplete conversion was ‘noted, the Met
was probably "piled up" with regard to the surface.: The fact that Mét
will be oxidized on silicé gel and not on cellulose or'gléss.suggesté

that a combination bf surface érea and possibly qatalytic effects may

be operating.

9. It was felt that possibly the oxidation could be in-

duced on an acid surface, since silica gel is acid. "Acidified
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carboxyﬁethyl cellulose TIC plates were used. Théie was noldifferencé
between the oxidized material and the starting material, but both were
much different than standard MetSO. The Rf's'were ;bout 0.50 for ﬁét

and the exposed material and 0.30 for MetSO.

10. When oxidation was attempted on Whatman Chromatography .

_paper, no results were obtained, as on all the other celluloses,

- 11."and 12. When CozlerAJIO% Oé—90%'Hé mixture waé used
in the dischargé reac£or, no differéﬁce:céuld'be obser%ed inlthe ;e—.
sults. A violanthrone spot with coé gave a rather faint glow, igdi—
cating a poor yield of singlet oxygen. This result, cbupléd with the
observation that pressure and power séttinés, soﬁe kpowﬁ to be poo?.,m
for singlet oxyéen production, and time of exposufe have little ef-
fect on the yiéld of Mgtso leads to the conclusion thét oply the Met
in a certain (unspecified) reiatidnship to the silica gel can react
while the rest can not or will do so slowly. - The mate?ial thét.cah
react, will react, if any singlét oxygen a£ ali is availéble.' One
unfortunate aspéc£ of the equipmént.availaﬁ;é for'ﬁhis work was the
1éck of a 16w pressuré_gas flow meﬁer’ﬁoupérmit meaéufement of Qxygén'
mass flows and some method of abéoiute calibration of the concentra-ll
| tion of singlet oxygen. I might point out hefe’th;t abproximately
1.5 ul (1;5 mﬁa)'of'sfP oxygen éfe‘necessary to reaét with 10 Ug éf

Met. Very rough calibrations of the flow rate in.this~reactor_at
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three torf gavé amounts on the ordér of seven ml a second STP (O.3lm
mole/sec). Scheffer and Ouchi (1976) réﬁort thét anéimilar reac¢tor,
under similar operating conditions, has been estimated tb produce
about 6% delta singlet{ These qperatiné paréﬁeters should prévidé a
. large excess of siﬁglet.oxygen for reaction. The oniy time that it
appeared as though the system might be short on usaﬁle singlet oxygen
was in work where three g of silica gel was p;esent in the reactor

(cf. sections B-8 & 10 and C following for furthér_discuésionlof thisg).

13. Dry state dye sensitiéed photooxidation of Met seems -
to be a simple, fapid‘and convenient téchnique; Simfly placing the
substrate (Met) on the TLC sheet gnd overlaying it with a small émount
of sensitizer, theﬁ exposing it té lightﬂgave raéid cpnversidn of
about the same proportion of the Met to MetSO as was ébserved in the
equivalent use of thé microwave reactor. There are a couple of obvious
advantages to this technique:

a. It's fast and cpnveﬁient; b. it éermi£s use of.
dye sensitized photooxidation, in cases.where dyé_and substrate have
solvent'incompgtibilities (i.e., most séhsitiéing dyes are éo}ﬁbie'in
" solvents of the acetoﬁé—ethanol—water ranges;.Whereas‘iﬁ'is occasion-
ally of interest to .photooxidize a'lérge hydroqarboﬁ which is not
soluble in an§ of those. ‘The usual way aroﬁnd this is a comple# solf

vent mixture, often based on pyridine).




v:l37
This type of sensitized photookidationyproved'to be very éen;
siti&e to traces of dye. Controls run to test the effect of light
alone showed no reaction. If even the slightest trace of'fose bengél

had contaminated the applying needle, a sizable conversion Was seen.

14. NGT was exposed in the reactor on the TLC silica gel
sheet and chromatographed concurréntly with the phéﬁooxidized NGT
material described in the section on non dye oxidation of Trp giving

the following R.: BAW-0.46, 0.36, MAC-0.61, 0.57, 0.47. Those mat-

f:
ched the photooxidized products suéporting #hg contention that fﬁeré
is ‘no essential difference in the chgmiéfry pf the reéction'between
wet and dry microwave gene;ated singlet oxidations.

I wish I quld claim priority for this type of reaction, bpth_’
microwave generated and dye sensifiged, on silica gel but unfortu-
nately I'can not. These systems were develoéed,ihdepéndént;y, bﬁ£
when I knew what to look for, I diséovered thatisdheffer énd Ouchi’
had-uéed a similar reac£or to oxidize some "model" olefins (e.q.,
l,3—diphenylisobenzofﬁ;an, te;racYélone, etc.), uguaily used to test
for singlet oxygeniféactivitf, wﬁ%lé adssrbed on siliéa geiwér micro-
crystalline cel;ulose;n fhey did ndf obéetve £he differeﬁcg between
silica ge; and:cellulose that I ai&. More_sigﬁificaﬁt in this study ‘
is the amino acid and protein work. They also madé a brief mention

of use of dye sensitizea photooxidation oﬁ TLC. sheets or in bulk, but
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did not report any results. They noted that this system of sensitized
photooxidation on silica gel was similar to Kautsky's classic proof
of a gaseous diffusable agent in dye sensitized photooxidation. Just
recentiy, a report by Nilsson and Kearns-(l§74) discugsed a &ariation
- of this idea. They adsorbed rose bengal or methylene blue on silica
gel, which could then be added to édlutions of substrate in noﬁpolar
solvents or mixed with substrate adsorhed on other grains of silica
gel for photooxidation. They reported on the photooxidation of 1,3;
diphenylisobenzofuran and Trp by this tecHnique. (No product isola-
tion for Trp .was reported. They used a spectral technique similar to
the one used here in the section on non dye singlét oxygen oxidation
"of ‘Trp.) ITo finish this discussion, I would like to qﬁpte from their
paper.
"We have explored the use of other types of suppdrts with
rose bengal (alumina, celite, powdered cellulose) but all
wére much less effective than silica gel, and this is prob-

ably due to their much smaller surface area (Isbell and
Sawyer, 1969)." ' “ .

'B. Dry state microwave generated singlet oxygen oxidation of
proteins |
| .1. Directly oxidizing lysdéyme in free, 1yph9iyzed masses
by microwave generated singlet oxygen doesn't seem very effectivg.
The specific acfi&ities of materiél e#posed for 1, 5, io'and 22 miné

utes to the direct singlet 6kygen stream were 102, 85,.86 and 84.
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percent of the starting values, respeéﬁi&ély. The method of handiing
was such that small losses of the 1ypho1&ted maieiial when sta;ting"
tha,reactor waia‘posaible, which miéht account for‘théAIS% losses‘of
activity as no direct déﬁarminationiwas'made of tha coﬁceﬁtiation of

the analytical solutions.

2. The results of exfenaing direcfloxidation of unsup-
ported lyspzyme up to six hours were little different than with the
shofter times of the érevious series.. Material exposed for 1, 2, and
é hours had specific activitiea of 97, 99 and 81 percent, respec-

:tively. In this series, determinations were made of solution concen-
trations so the 20% loss at six hours is.probably real. In any case,

the reaction is certainly not spectacular in its vigor.

3. Cellulose was cﬁosenufor uéé'as'a sﬁpport-dispérsant-s
absorbant fallowing_thé method 6f Saheffe; and-Ouchi (1970) . They |
reported the use ofzsilica gel ana microcrystalline cellulose.as-ab—
sorbants (or adsorbants) in oxidations of this type. At the time that
this determination was made, no microcryétallina cellﬁlose was avail-
able and silica gel was considered to be excessively harsh for use
with enzymes. Fibrous chromatograpﬁic ceilulosa QastchoSen pfimarily
for availability. The sﬁecific activitiea of mateiiai expaéed.to thesu
Ny exaitad.oxygep sf;eam for 70 minptes.and theacontrolgﬁatérial were

' 63 and 68 ﬁeréent, of that of the. starting material, respectively.
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The p;otein concentrations were determined only by the 280 nm abéorb—.
ance. It is conceiﬁable that the aéparently‘lowered activity for both
samples was‘due £o‘ﬁonenzymatic materiél washed from the support being
calculated as though it was lysozyme, even thoﬁgh thg support was
. thoroughly prewashed. Other than hon*épeciﬁic effects of absorbtion
‘and handling, no othe? reasons can be offéred for the decrease in ébn;
trol acfivity. The net conclusion ffom these was th;t little specific
oxidation was observeé. This is iﬁ accord with the results observed
with éhe attemptéd oxidation of mgthioniqe on thomatographic paper,
which sould be ﬁbre or less equivalent bo£h chemically and physically

to the powdered cellulose used here.

4'. Micfécrystalline celiﬁloéé was obtained énd used as é
supporf for the oxidation of lysoiyme to foilow more closely the con-
"ditions of Scheffer and Ouchi. It was ﬁoped that this material would
provide a higher_surface area for the enzyme to be‘absofbed on giving
good access of the oxfgén stream to all protein molecules. Two dif-
ferept techniques were used. The enzymé was frozen in excess water
sqlution with the absorbant,i&ophiliiédén@ exposed. Because the:
éhzymé does not séem to interact strbnéiy with the microcrystalline
cellulose (e.g., it washes off with mild buffervwashes5, the sécond
technique dried the solution on'to.éhé absorbaht under vacuum to at—:

tempf to insure that it would stick. More than 85% of the enzyme.waé
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récovered froﬁ 5oth preparation; as détermined by ;he‘280 ﬁﬁ absorb-
ance. The material frozen andlyophiliZeé and its.coﬁtrol,'identical
in treatﬁent except for the 40 minute singletloxyéep exposure; both
had specific activities of 97 percént. The material vééuuﬁ dried on
_from a liguid' and exposed for aﬁ hour gnd.its control ﬁad specific
activitigs of 79 and 101 percent, fespeétively.

This last yélue may represeﬁt aééual séecific.oxiaation, how-
ever, it is of such limited exte#t ;hat the only conclusion'tha£ paﬁf:
be drawn is.that lysozyme is not very gensitive to sinélet oxyéen |

under these conditions.

5. Since the gentle cellulose absorbants did no# permit
oxidation of lysozyme in these s&stems, wﬁich-paralleied the earlier
work with Met on thin layer absorbants, silica gel was triedﬁaé a
support. Thé lysczyme was desSrged With 86%.ééetic acid. The acetic
acid éolﬁtions were éssayed directly. This first éxperiﬁent with 
silica gel as a support was inconclusive as no enéyﬁatic acﬁivity.
EOuld be detected in the control. Coﬁéiderafion of the conditiops 6f'
the experiment’suégested that_this might be due to an§ or all of the
following feasdns:"é. The support inactivates the enzyme by denaﬁﬁr-
ing it with its highly active surface adsorbtion. Thé féctvthat
acetic acid solutions were necessary to rémer_the;enzyme showed this

adsorbtion; b. The enzyme was permanently denatured by the 80% -acetic
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acid. That this.was probably incorréct was shown by previous experi-
ments where acetic acid solutions of lysozyme reactivafed upon lyph-
olyzing to femove the acetic acid; c. When the enzyme in 80% acetic
acid was mixed with the LZ pH 6.2 buffer—substrate suspénsign, the
enzyme did not have time to renature from the form present in the 80%

acetic acid. I feel that the last is the most probable explantion.

6. In this determination, the_reaction conditions weré-'
essentially the same as in sectién‘(S) preceding. The lysozymé was -
desorbed with 33% acetic acid and the solvent was removed by lypholyz-
ing.. Thé.enzyme'was dissolved ahd:alldwed to fénature in the LZ
pH 6.2 buffer for several hours before assay. The material exposed
in the reactor for one hour had less than 10% of—its initial activity
left while the control, treated the same except for exposure, had-

60-70% of its original activity.

7. This determination was similar to the preceding two
with work up as.in (6), except that enough enzyme was recovered to
perform amino acid'énéiysis. The material oxidized for half an hbur
had an enzymatic activity of lesé.than 10%, while the control had 64%
activity. The émino acid analyseszéf these two sampléé, plus that of
the starting material is shown iﬁ:T%ble 6, ﬁndefﬁcédes 709, 711 and

708; respectively.
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Table 6. Lysozyme (Chicken eggwhite). Comparison of native. enzyme and
enzyme oxidized by microwave discharge generated singlet
oxygen.

Amino Acid .

- ~3*Analyzer Reported ; .
Run, Code Standard . 708-74 709-74 711-74 806-74 807-74 808-74 810-74
residues )

His 1 0.9 0.18 0.9 0.6 — 0.9 -
Met 2. . 2.1 0,28 2.1 .. 1.0 0.9 2.2 1.9
MetSO o - 0 0 trace - 0.4 .0 7 0.2
cys ) 8. C 7.1 4.2 6.8 4.9 0.1 4.8 0.1
CySO.H - o 0 0.5 trace 0.4 0.3 - trace 0.4
© Trp : 6 ©5.3 1.4 5.8 . 5.8 - 6.1 -

Kyn - ‘0 - trac 1.9 0.0 0.6 - 0 -

Asp 21 21.2 22.7 21.1° . 24.3 13.7 .23.6 14.4

Thr 7 6.9 7.5 6.9 7.2 0.1 7.3 0.2

Ser 10 9.5 9.9 . 9.7 10.5 1.7 10.4 2.3

Glu 5 5.0 5.0 4.8 5.2 2.2 ' 5.2 2.0

Pro 2 - 2.2 == - - 2.0 0.7

Gly 12 11.9 12,2 12.2°  13.3 ° 16.9 '13.5. 15.6

Ala 12 "11.7 11.8 11.9 13,2, i5.4 - 13.3 16.2

val 6 5.9 6.2 5.6 3.8 2.9 . 3.7 2.0

Ile 6 5.0 4.9 4.7 4.3 2.8 4.3 2.1

Leu 8 7.8 7.8 7.9 7.6 6.6 7.7 6.3

Phe 3 3.0 3.0 2.9 2.7 1.9+ 2.6 1.8

Lys 6 6.3 .5.5 6.5 4.5 —-— 5.6 -

Arg 11 11.1 10.6 11.5.  10.9 - 11.7 -

Ammonia 16 18.2 20,9 20.4 °_18.2 . -~ 18.4 -

Tyr 3 3.0 2.8 .- 3.0 3.0, 2.3 .3.0 2.5

Enzymatic . C . . '

Activity 100% 100 9 60 20 20, .76 76

All hydrolyses used either 2 N meéthanesulfonic acid or 3.3 N sodium hydrox-
ide. Basic residues were not determined in basic hydrolyses. The Ile value
is the sum of Ile and alloIle in basic hydrolyses. ‘Underlined values were
determined by chart dot ‘counting method when integrator failed. Lys and Typ
integrations overlapped and there is a tendency for the split to give high

© Lys and low 'Typ, In 806, the Asp seems to represent. both- Asp and MetSO as.

they do not resolve well at high salt concentrations, as were used in this
preparation. . . L, K
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- The moét obvious feétﬁres‘pf thése'res#l£é-areithe lésses of -

- His, Met,.Trp'ana possibly Cys, Qith productioh of Kyn;:cysteic‘acid
(CysO_H) and possibly;methioﬁine'sﬁifoxidé (Metéo).' In:thé cases of
the éroduétioﬂiéf_KY§ and quoaﬁ,_fhe amountS‘prqdugea da not com-
pletely_aécéunt for‘#ﬁé loss of £h§i¥ p;rent éoppqunds;}irp_andﬂCysl

Tﬁere-is'noﬁﬁ;ng surp;isiﬁéwaﬁout ﬁhese ré;ulté.u They doltehd
to confirm thg obéérvations of previéps workérs fegardiné the residues

- susceptible to sigéiet oxygeﬁ and indeed_suépqrt the idea that singlet

oxygen is. the mediator of dye sensitized photooxidatidns of proﬁeins.

.8._ Thigfdétefminatioh waS‘made £o_confirm‘the results of
Ehe~précédiﬂ§ section; 'Matefialxéxidizéd fér half ah hour had-é re-
sidual aétiﬁity off23% Qersus‘7é% for the cdptréi; ,Thé dxidation:
FhuS'sééméq.soﬁeﬁhaf geﬁtier‘thaﬁ in ﬁhe'prééedihg ékperiment('even
'thoﬁgh tﬁe‘time wés‘£he éame.and'thg suﬁporﬁ waé'sti;red for,bettef
accé§§ tojtﬂe‘oxyéeﬁ stream. - The chiéf)diffeyehceg'that”éa@ybe noted j_‘
is that éhe loading_éflenzymé per é‘ofléupporﬁ.wés between twd.and
fhree times és‘ﬁigh (ca. 7 hg/g vs. 3 mg/g) and thé'fotal aﬁoung of
éilica gel was three‘timés aé'h&éh*iﬁ éhié.deferminatioﬁ; ‘Perhaps tﬁe
ehzyme was not as'ﬁéli distributed:as.in thg'p;évibus rﬁn-or'the presj
-~ ence of about three:fimes:as much éilica ge; in thi§ run‘quenéhed the
singléfloxygép‘s;réaﬁ t66 much. ‘ThiS'last éeeﬁé‘ﬁhe most 1ikely.’

This effect is discussed in more détail in the seétiQn.on o
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violanthrone. The amino acid analySes‘of the oxidized}andfcontrol_'
.material areVShown in Table G.' Both nethanesulfonic’acid and basic..
hydrolyses are shown w1th codes of 806 and 807 for the acid and ‘base -
runs with the ox1dlzed materlal, respectlvely, and 808 and 809 for the
: control, ‘.‘ _ . ' S 7:\ ' |

| Again, no surprises are notedl',The extent}of.oxidation.shown
_seems to parallel that of the enzymatlc act1v1ty.':lhe main loss seems

to be. approx1mately one Met, with perhaps a thlrd of the His and some -

Trp. 'Not,much 1oss 1s noted ln the'Trp value-shown, but-the produc- f“

tion of 0.6 Kyn shows some involvement.

- 90 When thlS study was extended to rlbonuclease A the re—,?
1 sults fairly well paralleled those obtained w1th lysozyme, even though
some of the‘results-were not as.clear.or;satlsfactory as with lyso-
Ribonuclease proved to he'a less deslrable‘experlnental'subject:.f
jthan lysozyme.- The Gorln act1v1ty assay for lysosyme.has some fea;': o
,tures Whlch dlscourage 1ts use in beglnnlng blochemlstry teachlng
laboratorles, 1n‘sp1te of the fact that both enzyme and substrate'are
'relatlvely cheap; TheoKunltz rlbonuclease assay 1s even more‘dlff1;~f
cult, and, unfortunately, seems to.be the best. one avallable. 'Also,
the enzyme and substrate are. nelther as 1nexpenslve as w1th lysozymej;.

so’ that a bucket chemlst llke the author, cannot afford to throw 1t';
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around in preliminary experiments working out héndling conditions.
The only things that the enzymé had to recommend it for thié study was
that it is notbriously tough, as enzymes go, andvis reasonable well
characterized. However, there doe$s seem to be some variaiion in
commercially avgilabie material. Sigma lists several gradés of vary;
ing.purity and'aCtivity.

The maiﬁ difference between this enzyme and lysozyme was the
requirement for a séméwhét strongér acetic acid solution to desorb
and elute from the silica gel. AAnumBer of differept conditions were
tried. The best result, discovered aﬁd uéed with the.material in
section (10) following, was obtained with a.stepwise elution using "
steps of 0, 33, 50, 66 and 80% acetic acid. If an adequate volume of
eluent was used, 20 ﬁl per step for three g of silica gel, nearly all
of the elutable material will be found in the 33% fraction and the
beginning of the 50% fraction where it is increasing to concentration.
Done in this mannér; very little-material was observed in the late
50% or later fractiong and overall yields seemed higher than with 80%
alone. One brief study with lysozyme i;dicated that these conditions
may be optimum there also. Even at best, thouéh, no recovery from
silica gel of more fhan about 80% was noted with éither enzyme, us-
ually less.

This first determination with ribonuclease-A uséd 80% acetic

acid as an eluent in a single step. The oxidized material had no
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detectable enzymatic gétivity. The control.héd én aétivity of ébout
60% relative to tﬁé starting preparéﬁion; This was'qomparable to the
activity (55%) of material kept in 80% acétic acid and analyzed as
. the oxiaized and control Qere. Since the Kunitz aésay is run in O.A.M
pH 5.0, the elutan# 80% acetic acid was not'reﬁoved but.oniy dilutéd‘l
and opé half neutralized with sodium hydroxide té give a 1.2 M éHMS;Q '
acetate buffer; At the time of fhe asséy{-this is fqrther diluted by>
1:20 in 0.1 M buffer;,but there may be residual effects.of the low.pH'
and high salt which had not had time to reconstitute in fhe assay.
This may account for the low values observed wifh'the controls. I#
tﬁe next section, the eluent was removed by lypholyzing, giving much
. higher activity values for the control. | |

Amino acid anélyses wére‘obtained on both‘the oxidized‘épd
éontrpl materials as shown ih Table 7, codes 733 énd 784, respectively.
These were hydrolyzed by hydrochloric acid. A methanesulfonic acid

‘hydroiyzate of the starting matériél is shoﬁh in_747;.With parf of a
‘basic hydrélyzate.shgwn in 748. Due fo error on my part, only the
fiée analy%es-shown:in 748 were oBtained;

Aéain( no éurprises were néﬁicéd. His aha.Met appeared'to be
extensively damaged, the Metlmore‘théﬁ_the'His.l There was difficﬁlty
with thé integration of Cys in tﬁis sample so this datum is prgbablj
lost. This is the.sole determinatioﬁ in all of this work which showed

possible Tyr.damage extensive enough to be probable.
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Table 7. Ribonuclease-A (Bovine Pancreatic)

Lot Sigma No. R~5125' / .Sigma No..R-5125
_Number lot 99B-8020 lot 122C-8220
- Amino .

Analyzer Reported
Run Code Standard 747-74 748-74 783-74 784-74 802-74 803-74 804~ ~74 805—74

rawiduocs - h - T ) o
His 4 3.0. - 1.9 4.2 ‘3.8 - 4.1 -
_ Met 4 4.8 4.3 1.4 3.9 2.9 3.1 4.0 3.8
MetSO 0 0 - 0.3 - o} 0.1 0 0.1

cys 8 4.4 - = 5.4 5.8 0 6.9 0
CysSO H 0 0 - 0.5 0.4 0.2 Q.7 o 0.1
Tyr 6 5.6 5.6 4.1 5.1 4.9 6.3 5.5 4.9°
Asp 15 15.8 -~ 14.9 14.8 9.8 15.8  '10.6 12,6
Thr 10 10.1 - 9.7 9.5 10.8 0.7 . 10.2 0.4
Ser 15 14.5 - 13.4 13.8 15.2 6.4 14.5 5.2
Glu 12 12,4 - 12.4 12.1 3.4 6.5 4.2 7.1
Pro 4 4.2 - 4.5 4.9 2.4 4.0 3.0 2.6
Gly 3 3.8 -- 3.7 3.6~ 3.1 16.1 3.0 11.3
Ala 12 12.6 - 12.0 12.0 18.0 27.6 17.8 18.6
val 9 7.1 -- 10.6 10.7 10.4 8.8 10.0 4.7
Ile 3 1.6 1.8 2.3 2.5 3.0 2.7 2.2 1.5
Leu 2 2.8 2.4 2.1 2.2 2.8 3.9’ 2.6 2.5
Phe -3 2.9 3.1 3.1 ‘2.9 2.9 3.6 3.0 2.4
Lys 10 10.6 - 9.9 11.4 9.8 - 10.1 -
Axg 4 5.0 -— 3.5 3.7 8.2 - 7.3 --
Ammonia 17 20.6 - 59.5 30.3 23.4 - 20.9 --

747-74 - methanesulfonic acid hydrolyzate of beginning‘material
748-74 - basic hydrolyzate of beginning material
783-74 - hydrochloric acid hydrolyzate of material oxidized (microwave) fo¥ one
. hour, 0% of enzymatic activity
784-74 - hydrochloric acid hydrolyzate of ' control for 783, 60% enzymatic act1v1ty
802~74 - hydrochloric acid hydrolyzate of material oxidized for 0.5 houx,
: 31% enzymatic activity
803-74 - basic hydrolyzate of same material as 802
804-74 - acid (hydrochloric) hydrolyzate of control for 802 116% activity
805~74 -~ basic hydrolyzate of same material as 804
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10. This determlnation used ribonuclease under almost
identical conditions of'loading on the‘sillca gel, its amount and time
of exposure as the lysozyme work in section (8). The results were
‘_very similar also. 1In thlS determination; the eluent was removed by
" lypholyzing and the enzyme was allowed to renature in 0.1 M pH 5.0
buffer for several hours before analyzing for activity.‘ The control-
had an act1v1ty of 116% relative to a sample of the orlglnal solution
(thatlmasadded to the 31llca.gel)whlch had been kept for two days in
the refrigerator. The oxidized materlal ‘had an activity of nearly
29% of this or abont 31% relative to the_starting solutlon. This par;
ticular assay run had some difficulties:so that_the,exact percentages
of relative activity.may be somewhat in error altnough the relatiVe.
l;4 activity ratio for oxidized and control is well founded. By a
fortunate happenstance, the concentration of the oxidized dilution.
‘for analysis was almost exactly fonr times:that of the control; yet
gave an activity slope .exactly the same. The main unoertainty is
just how active.that.was.
The amino ac1d analyses, acid and base for the ox1dlzed and
- control, respectlvely 802, 803, 804 and 805 in Table 7, showed rela-
tively 1ittle damage. The only particularly notable deletion is the
loss of one Met, with a poor cor;elation for product sulfoxide. ;.
Again, a slight diminuation of the Tyr-is possible, but nos too prob-

able. The slight effect on the His is somewhat surprising.
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Table 8. BAmino acid analysis of Ribonuclease-A

Amino Acid Analyzer Run Code 822~74 ‘

Reported Reported

Residues Standard ..822-74 " Residues Standard 822-74
Iys o < 116 - IA;a | | ;12 . 12.5
His - S 4.1 cYé N 8 6.9
. Brg 4 - | 3.6 . val v 9 8.8
Asp 15 155 Met a 4.2
Thr 10 10.1 Ile | 3 2.4
Ser. 15 | 13.6 Leu - | 2  . g.o
Glu 12 12.8 Phe 3 . 3.0
Pro 4 4.1 - Tyr ’ 6 = 6.0
Gly 3 ‘ 3.5 . ‘:Amﬁonia o 17. 30.9

Hydrochloric acid hydrolyzate of native'anzymg from lot 122C-8220 
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The main difficulties with this set of analyses are thé'sd%

.excess values shown for Ala gnd 100% exceés for Arg_with parallel
llosses of Glu and perhaps Pro. Table 8 lists the results of the
analysis of ehzymg frém the same 19@ as the quéstionable resultS'ﬁsing
- the same reagents: As‘the results ére in accord with the known analy—i'
sis of ribonucleasé-A, the wild values for that biock:of aﬁalyses re-
. .mains inexplicable. |
The ﬁain conclusions that caﬁ be drawn from this section are as
| follows:

é. An oxidation ip'éiy bulk of protéins by singlet
oxygen is difficﬁl£ to perform..

| b. Simple disPersion on a.support which doés not

-strongly interact with the eﬁzyme,dbes not ihérease the facility Qf‘
the reactién very muéh. |

c. Silica gel may have a catalytic.rple in addi;ion to
suéportihg énd'dispersing the enzyme.l Further wo?k wéuld'bé necessary
to clarify this point.

d.' Protein containing’ formations, i.e., people, prob-

ably have little to fear from atmospheric singlet oxygen.

C. Violanthrone. Small amounts ‘'of this blue dye deposited on

a dispersant vields a vivid red chemiluminescence in' the microwave

reactor. All of the supports listed in the Methods section regarding
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violanthrone would serve except for the MN-300 microcrystalline cellu-
lose'thin layer ghromatographic sheets; The reason for this exceptién
is not certain. Free microcrystalline cellulose QoWder works wéll as
does filter paper and several types of chromatographic cellulose. The"
binder used in the MN-300 is now known, but it would seem that it is
-a powerful singlet oxygen qﬁenche¥.

When the dye was deposited in a thin film §n glass, no reaction
coﬁld be noted. .Whe£her this is due to loQ surface area or some type |
of intermolecular quenqhiné phenomena is unknowﬁ.

As an in@iéator of singlet oxyéen'presénce, violanthrone proved
to be very useful. Using a tunihg’spot of the dye on a small pigce.of
£ilter paper inside of the 1lid of.fhe reactor flask permitted the
foIlowing observations aboﬁt the operation of ﬁhe,:eacfor to be made:

1. Optimum productionlof singlet oxygen'wés obsefved at
1-3 torr of pfessure in pure oxygen and at 10-20 torr.in 10% oxygen

in helium.

2. It made little difference in the power setting of the
generator as lohg as a discharge‘could be maintained. Settings of
"lower than 20% poWef‘gave an unstable discharge so operation was us-

" ually in the 20-40% power range.

3. " Silica gel, either in sheets or in bulk, severely

quenched the singlet oxygen. This presents an apparent paradok.
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While- oxidation of substrates was efficient only on silica gel) it
rapidly inactivated the oxygen. The repoft of Scheffer and Ouchi

(1970) mentioned that both silica gel and microcryStaliine celliulose
A ) . _ .

were effective supports and could determine .little difference between -

them.’ They'expressed some surprise at this as they noted that silica

gel is a much‘strongef quencher of single£ okygen than the cellulose. -

I was able to observe little difference between the'twq absorbanté-
Awitﬂ the violanthrone reaction as~long as oﬁlyia gfam o% so of the
powder was present. When the amoun£ of silica gel was increased or if
a full 20 cm wide.shéet of silica gel:thih léyer‘chrématoéraphic sheet
was‘present, then notably less lumiﬁescence'could be.observed. 'No'
such effect seemed to be noticable with bulk‘cellulose powders. An
aspect of this work that is still puzzling is that violanthrone is
reactive, although apparéntly not oxidized; on-both'ééllulose, in~-

cluding paper, and silica gel while oxidations‘of methionine and

lysozyme are possible only on the silica. & major difference is ‘that

the violanthrone is bresent in ambﬁnts that can be estimated to-be 6h
the ordér.of nanogramé pér square cm wﬁile the:others are present in
lérger amounts, e.g.;,about 500 ug/cmz'for a typiéal'mefhionine spot.
This aspect of dispersion may be éll that is invoived, although at

this time, not enough information is available to say.
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Demonstration of Photooxidation with the Clark .Electrode

Since the data obtained here with the Delta Scientific field
instrument are generally unsuitabié for‘precisé quantiﬁatife éurposes,:
I wil;'note énly whééher a particﬁlé£ reaction is fast or slow, réla4
tive to the pho;odxidétion of His sensitized by Rose Bengal and list
a tybical "oxygen consumption coefficient” (0CC) of decrease in rela-
tive scale units per minuté. I don't feel more detailed presentationx
of this data is warranted.

_A. Amino acidé

1. Rose Bengal with His. This oxygen consumption reaction .

was shown to be dependent on a light and dye. The OCC for the condi-

tions described was about 10.

2. 'Cystine and Rose Eengal. Thisvreaction‘was shown to
be light dependentm -As CysH is known to be slowly oxidized in solu-
tion to the disulfide, this point was especially-examined. Dark oxy-

gen consumption was negligible. This reaction is soméwhat slower .

than the His case. The OCC was about 8.

3. His with Crystal Violet.. No reaction, light dependent
or otherwise could be demonstrate~ with this system. The OCC was less

than 0.1, which is about the limit of sensitiﬁity‘of the instrument.
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4. CysH w1th Crystal Vlolet. A very ‘slow llght dependent

reaction could be observed.” The ocC was about 0.3. .

- 5.  CysH with Crystal violet. This used less CysH and more

crystal violet than the precedlng sectlon. Again a slow reaction was"

noticed. The OCC was about 0.3-0. 5. ' There seemed to be a residual

llght dependent effect. _Before the-light was turned on, no cOnsuméL

'tlon could be observed in an hour. - After-about half of the oxygenzin:.

the solutlon was consumed the llght was turned off and the consump—

tion contlnued at a slower rate, 0.2 decrea51ng to 0 l in an hour and .

a half, It went back up to 0. 3 when ‘the llght was turned back on.

6. CysH w1th Crystal Vlolet | This used the same reagent
concentrations that were used 1n (4);‘ The dlfference was a much
brighter 1ight.' The reactlon is still slow, but it dld ‘speed up to
an OCC of about 0.7- 0 8. The same-res1dual‘effect was notlced here

as in (5). The rate of thls varled from 0 4 to 0 2.

7. His .with Proflavin. This reaction'was'Strictly light

dependent. No re51dual effect was notlced as w1th CysH and crystal

‘viclet. Even though 1t used a brlghter 11ght, 1t was not qulte as

'.fastvas H;s w1th‘Rose Bengal. The.OCC was about 7.0.

8. 'Cysz with RosefBengal. It took a while for the: instru-

ment to .settle down in the dark with this. Afﬁer it-stabiiized, a
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slow light dependent reaction of dCC about 0.5 was observed. No dark

residual could be. observed.

9. Cys, with Rose Bengal. As in the preceding section,

with better instrument control. The OCC was about 1.0.

10. Cys, with Rose Bengal. The same solution as in (9)

was reoxygenated and rerun. The OCC was about 0.8. The solution was
exposed for about half an hour after instrument stability was reached.
The pink of the dye faded and yvellowed and would not reconstitute -

when reoxygenated.

11. Cys, with Rose Bengal. More dye was added to the

- yellowed solution and reilluminated. Consumption was completely light

dependent. When the light was on, the OCC was 1-2. It was zero when

the light was ofEf.

12. Alanine with Rose Bengal. No consumpfion could be ob-
served in an hour.

13. Met with Rose Be@ggl. "While this is not directly com-

parable with the previous experiments in this series since the temper-
ature and volume are significantly different, the reaction is fast

with an OCC of about 11.
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: ﬁ. _Photooxidation of p&rocateohoi;"The reaotion of pyrocate-

.ohoi sensitiaed withﬁrosebbengal seens fairly siow; . THe OCC was:about
1-2 in the first run described and about 1.573.0 in.the second.’. The
reaction is dependent on both light and dye. |

The conclus1ons that can be drawn from all of thlS are the fol-'
'lowingt | |

1. Of the amino acids tested His, Met, CysH, Cys and -

Ala, the react1v1ties observed for sens1tization by rose bengal and
.proflav1n are about what would be expected from varlous reports in-

the literature (Weil, 1951 1965; Sluyterman, 1962)

'2.: The spe01fic1ty of sensltization by crystal v1olet for
‘ cysteine'supports the reports of Jori et al. (1969) and Bellin and
Yankus (1968) . The reaction ‘seems unlikely to be a. Type IT s1nglet

oxygen reaction.,

3. Pfrocatechol can be,photooxidiéed_if sensitized by
rose bengal. \As far as i‘know, the dye sensitized photooxidation of
pyrocatechol has not been prev1ously reported, althoughlother phenol .
.type conpounds are: known to be susceptible (Saito and Matsuura, 1970i
When this work was started, the intention was to extend this
: type of studyito the'deuteriun oxide/azide.type of test oh some of o
" these substrates'and inyestigate more‘fnlly,the speoifio reaction of

crystal viodlet.
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Spectral Studies-of the Interaction of Hematoporphyrin and
Lysozyme . :

My attempts‘to verify the observatioﬁs of Jori et al. (1971) of
’interactions between l§sozyme and,hematopqrphyrin; which change the
absorbtion épectrum df the dye, weré ﬁnsuccesséui;'-

At pH of 6.2, comparable to the 5.9 value Jéri used, a 10 UM’
solution of hemafoporphyrin showed a maximum centered_at 375 nm. ﬁhén
lésézymé was added, under 0.1 M buffer conditions.permitting little
change in pH, no shift in the absorbance maximum wéveléngfhs was ob-
served. No differencé was observed at different cohcentrations,

e.g., 5:uM. No difference was obseryed in-this‘result by'changing
lots qf lysozyme,.sources of hematoporphyrin or piepa#ation of the
reagents. Jori éf al. reported that the mixing'of 5 qulysdzymé wiﬁh
5 UM hematoporphyrin at pH 5.9 shifted a rather sharb maximum from
about 388 to 405 nm.

N I did observe that, while the presence of quimolaf or even
10 times excéss lySozyme had litélé,if an& effect on:the hematépo;—
phyfin spectrum, changes of pH did. There seéms_to be several spec-
trally dastinct species,‘dependiné on the degree of protonation.
Table 9 lists the maximum wavelengths- and solution condiﬁiéns ob-

served.
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Table 9. Hematoporphyrin Amax at Various pHs

Solution . . Maximum . , . Widtﬁ of Maximum

0.05 M NaOH ‘ ' 392 : ‘medium

PH 8.5 water ' : | 380 ' broad

OH 7.2 water - ' 378 . " broad

PH 6.5 phosphate buffer 375 - broad -

pH 5.2 phosphate buffer : " 374, ﬁedium

pH 4.8 phosphate buffer 375 : medium

87% acetic acid 403 S véry narrow

Lysozyme, in varying concentrations; wa§ added to several of
these, as detailed in the Methbdé'séction.:-Aﬁ no timé.wés a spectral’
shift-observéd, unlesélthe'pH changéa. |

The only conclusion that I can draw from this isithat either
Jori or I did something wrong. Solutions 10 UM in lysozyme are very
prone to foaming, yet they mention flushiﬁg tﬂe'soiutidﬁs in two ém
cuvettes with oxygen. They mention no antifoaming agent, but I have
wondered if fhey nmight have.used one, céﬁsing the results they report.

As mentionéd'éarlier, in the'sed?iop on thé héﬁatoporphyrin
sensitized photooxidized lysozyme, .some: type of ipté?actibn'aoes féke
place between the dye and the protein, pafticulariy‘at higher concen-
trations. Whether this is true or not at 5'ana 10 UM is'nbt_certain

as solutions containing that concentration of both ‘dye-and protein
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are stable and do not prec1p1tate at pH 6.2. .There are. unresolved

dquestions here Wthh hopefully, someday can be settled.

Oxidation of Tryptophan by Singlet Oxygen Generated by Non-Dye Means

A. Rose Bengal sensitized photooxidation of N—:'

Glycyltryptophan. This photooxidation was dohe to proride a basis of
comparlson for oxldatlons performed by other means. The main point of
the experiment was the ultraviolet absorbtlon spectra, as that was the
means used for monltorlng Typ reaction in the rest of this section.
It was deemed useful to addltlonally make chromatographic comparlsons
of the product with kynurenine to establlsh the nature of the product
in this series and in others wherenTrp and peptides containing it are
oxidized.

The followinc table lists the spectrai reeults observed. The
absorbances listed at specific waﬁeiengths were determined using the
DU~2. Spectral peaks were observed with the Cary-l4,.seemed to be

able to resolvé 3-5nm at 280 nm.

Table 10. Absorbancés end peak absorbance wavelengths

Peaks ‘A, Bygg Bygy . Bjgp  Bigo/Baso
Typ (1.5 x 10°% My 280, 288 .294 .638 .940 .004  1.47
Kyn (1074 M) . . 256, 360 .768 . .616 .043 .385 .07
NGT (104 M) : 280, 288  .158 .264 .435 .003  1.65
DSPO NGT (10~4 M) 260, 320 .540 .400 .087  .019 .224

Hydrolyzate of DSPO NGT 258, 360 .705 .508 .087 .300 C.171
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Table 11. Thin layer chromatographic resulte

: Color with _
Rf BAW Rf MAC (X 100) Ehrlich's Ninhydrin
Typ 52; 53 57; 55 ' . blu pur
Kyn 48; 29 56 57 . . yel ..o pur
NGT : 47; 46  54; 55 blu - yel
DSPO. NGT 46; 37; 61, 56, - ——; yel, vel  yel, yel;
42, 36 62 57,  (46) ' (blu)
Hydrol?zate 46,‘—~; 56, =-=-; - yel pur, pur
of DSPO NGT 49, 25 57, 41 X
Gly --; 23 -~; 35 - : pur
Met --, 46 | --; 59 ;; ' . pur

blu = blue, yel = yellow, pur = purple

BAW is Butanol-Acetic acid-Water(4:1:1) by vol., MAC is Methanol-14%
ammonium hydroxide~Chloroform(2.1:1:2) by vol., both run on EK 13191
prescribed silica gel with fluorescent indicator. Xyn and the BAW
46-49 spots and MAC 56-57 spots from both DSPO NGT and its hydrolyz-
ate were blue fluorescent. The two Rg values given in each entry are
respectively the value observed with the Ehrllch's development and
the Ninhydrin development.
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Thé amino acid.analysis oﬁ fhe hydrpiyzed photooxidized NGT
vielded peaks at 13,.é0 and 41 minutes {(short column). Kyn.standard ‘
appears at 20 minutes and ammonium at 39 minutes. The material at |
13 minutes Was.assumeQ to be Gly. The integrations calculated as
1.00 residue of Gly, 1.04 residue-ofAKyn‘gna 0,47 residﬁes.of ammo-
nium.

The conclusions tﬁat were drawn from this are that Gly Trp ié
photooxidized to 'a GlyKyn derivative,‘présﬁmably N'—fdrmyl-Kyn, which
has absorbtion maxima at 260 and 320 ﬁm as opposeé to the 280 nm °f.
frp and 258 and 360 nm of Kyn. TheAN'—formyl—Kyn peptide is not very
fluoresceﬁt while Kyﬁ itself is. rThe‘GliKyn aerivatiﬁé can be hy-
drolyzed to equimolar amounts of Gly'and Kyn. All oélthié sﬁpports.
the reports. in the literature about the éhotooxidation of N-blocked-
'Trp (Benassi efial., 1967; Savige,,1§7l). This aléo éhowed that
photooxidation of Trp is accompanied by shifts iﬁ the 280/260 absorb-
ance ratios. Tﬁis-can then sexrve as a quick andleasy'monitor for

oxidation of Trp.

B. Oxidation of tryptophan by hydrogen-peroxide-hypochlorite

generated singlet oxygen.. When Trp was exposed to singlet oxygen

generated by the reaction of hydrogen peroxide and .sodium hypochlo-
rite, a reactipﬁ could be observed. The 280/260 ratios for starting

material, a coﬂfrol using only hydrogen peroxide and the complete
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mixture were 1.40, 1.43 and 1.11, fesbectiVelf. This inéicates some
reactivity, but as the condition 6f the reactién should have yielded
a three molar excess .of singlet okygen over Trp and‘the ratio ob-
sérved with an éssénfially complete.reaction is about 0.2-0.4, the
Trp woﬁld nqt séeﬁ to be a very good substrate for a singlet oxygen
reaction. |

While this was a notably positive result, no further work was
done with this system since proteins have been reporteé to be re-
active to hydrogen peroxide alone, particulafly at‘Met{- I Was‘fe—
cently iﬁformed by Dr. Phillip Mééden (19745 that his lébgraﬁory at
the University of Puget Sound had iﬁéctiﬁated an enzyme by thisire—
action, showing sighificantly higher reactiqﬁ with fhe compléfe_mix—

ture than with either peroxide or hypochlorite alone.

C. Oxidation of tryptophan and lysozyme by potassium

perchromate geﬁerated singlet oxygen

1. Trp was oxidized, as aescriﬁed in tﬂe Metﬁods section,
presumably by éinglgt oxygen genera;ed by the aecompdsition of potas-
‘sium perchromate (more properly, beroxybhroﬁate). fhis method of
générafion had'some problems as éhe décompositi;ﬁ éroduced yé;low
chromate ian as a by—éroduct. Uhfbrtuﬁately; this ab;o;bs slightly
at'the wa;eleﬂgths of interest. :To’overcqme this pfoblem, a rgagent

blank‘was prepared from potassium‘éhromate and the contributions at
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the analytiéal-waﬁelengths wefe substrédted from the values observed
in the.oxidatiqn'solutions. In a control experimenf,:Trp waé_exéosed
to slightly'higher chromate concen;fations thanlthe'solﬁtion with the
peroxychromate had upé# aecompésition. _Tbéffolioﬁihg dafa.Were éb—
tained: R | |

Table -12. Absorbance ratlos of tryptophan ox1d1zed by peroxychromate
generated singlet oxygen

<

Bogy - _Azéo Aéeo/Aasd
Trp (6 X 107> M) . . .288 .422 | 1.46
Control (6 x 10> M Trp, , .

6.5 x 107> M cro,~) . .436 580 - -
Blank (6.5 X 10~3 M Cro,=) . .216 .237 -
Oxidized (6 X, lO M Trp, ' _. . '

425 x 107 wero,S . .493 478 -
(Control) - (Blank) .“:. o o .224 . .343 ] 1.50
(Oxidized) - (0.65 Blank) ' .. .255 . .224 . . 0.s88

It'vag,éonéiuded that specific o*idétidn'wa$ observed. It is:
not entirely cleér-what the exact mode of:deéompositiQn of- the ée;oxy*
chromate is.’ From £he structufal formula, Kééroz(bz);, conﬁaining.
three moles of peroxide and'pentava;ent'chroﬁiﬁm,Mit wopld seem 'pos- |
sible that twd‘méles of oxygen can be‘¥eleaséd. ﬁhen the.c6§ditions'

were chésen for this experiment, I assumed that this would generate
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1two mole; sfjéingléF o£y§eﬁ, so tﬂéﬁéeéokyéhrdmate:'_T}é“?aﬁio of
,:8,4;12 w&Qid‘prpyiaé a3good excess of:prgen.sver'T;p for:réaéfionf )
Ho&éve;, a laéér cbﬁveréétioh with:Dr.,Peéeré (1972)'i£dié;téd thét.
ohly'one ﬁ§le Qf'sinélet oxygen wgs-?élégsea}'énd thenyéniy unde¥
reasdﬁably aikélinéncéndifions. Onglpoint shpﬁld-beﬁképt in min& ih'_
“this éiscussign: gﬁhilétthei;eagené is-kné&n £9 proauce siﬁ§lét ogygen”
 éna chromate does‘pot éarficuiarii affécf;?rp;?hofhing ?résenﬁédfhére"iJ
.fﬁ;es dut;a'direct (heterogeneoﬁsi'reééfipn betwégﬁ theyrgégép£'an§' |

Trp having nothing to do with SIndiet 6X§géh.

‘2? Wﬁép this 6£ida£ioh Qaé‘exﬁeﬁdéasﬁé Iy%géyﬁé! littie '
useful iﬁfdrmation_WAsxlearnéd. “A'fééééidh‘topk-éiéqé; h&we&ér,‘it
éenaﬁuréd £he-p;6tein:§9 exteﬁ;ivély:th&ﬁfiﬁﬂféym;&'é yéilbw-p£e§ipiF:
v”taté which céﬁidlﬁéfﬁbé‘;édiééélvéd;o?idébéiéred.n:A}dqnﬁrol withl

“/ lysozyme and chroﬁate;did.nbt precipitate.




CONCLUSIONS o .

The products of oxidation by either microwavé generated singlet
oxygen or a dye sensitized photooxiaatipn'of several émino acids were
shown to be identical; Aﬁiﬁo acids. known té be susceptible to dye
sensitized photooxidaﬁién inblude:ﬁethioniné,.histidine, tryptophan,
tyrosine and cysteine-cystine. Of these, methionine and derivatives
of histidine-—N—benzoy;histidiner—andItryptopﬁan-—Nfglchl and N-
acetylt;yptophap——ﬁere 6xidized in,solution by microwave generatea
singlet oxygen and by'éye sensitizeé pﬁotooxiaation-using rose bengal
or methylene blue as‘sénsitizers.

For’eaph substrate, the prodﬁcts-bf dye sénsitized photooxi-
datipn using,both methylene.blue aya r§se bengal Qere found to match
.the products of the microwave reactionh. This exact correspondence
between products was Aetermined using a Qariety of svaents aﬁd
chromatographic materials.

The apparent iaentity of the‘products of dfe sensitized photo-
oxidation of these amino acids providés'direct evidence for the medi-
ation of singlet oxygen in the d&e'sensitized photdqxidation of amino
"acids and proteins.

Cqupléd-with'the work of Nilssdn et al. using either é singlet.
oxyéenlquencher or;ehhancer whicﬂ ;hbWéd that £hefqﬁantum.efficiency
of photooxidétioﬁ is‘depenaent on the steady state concentration of

singlét oxygen, this fesult demonstrates the conclusion that singlet
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oxygen mediates'typical dye sensitized.photooxidations of proteinsiand
amino,acids. . |
The resuits‘of'oxidation, in the dry state; of amino acids,bri—
marlly methlonlne, and ‘the protelns lysozyme and rlbonuclease by s1ng—
let oxygen showed that a very hlgh surface area 1s necessary for much -
reaction to take'place. The‘aminofacfds, both free and in the proja
teins, which were oxidixed'by the.microuaye generated_singlet oxygen
paralleled those of:dYe sensitixed:éhotooxfdation. Wheré products
: could be 1dent1f1ed, w1th the p0551b1e exceptlon of N-benzoylhlstldlne,‘
they- corresponded to those of photoox1datlon in aqueous solutlon. |
. The effects of.dispersion on substrates for drylmfcrowave.gen~
~ erated singlet.oxygenqoxidations havefaspectslwhich suggest'that not
oniy‘a'very high surface area is'required but ﬁossdbiy‘a surface in-
teraction with'silica}gel is also necessary for substantial reactions
to occur. The rnertness to reactlon by protelns and amlno a01ds an
bulk w1th dlscharge generated slnglet oxygen suggests that free atmos—
pheric s1nglet oxygen may. represent.a very llmlted hazard to protelns.
,Theistudy,of'the‘hematoporphyrin sensitized'photooxidatiOn Qﬁ,'.
1ysozyne shows-that the majority of:the reaction is:mediated by singlet
oxygen. This system was exanined to see if it provided amhighly spe-~
ﬁcific prbtein-modification abiiity'and an exam?le of a non singlet'
‘ oxygen Type I dye sen51t1zed photooxldatlon..'It was’a-disaépofntment

. when it showed nelther.
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U51ng the methods of Nllsson et al. w1th photoox1datlons in
the. presence of elther deuterlum orlde or az1de, 1nact1vat10ns were
. much moreAvigorbus rn,the presence of Dzbtand much less ih the pres-
ence of azide. The residues which-were‘attacied"inlthe presence of
azide or D,0 were not apparently dlfferent fror those.destroyed 1n :
water, except for the extent of ox;datloc, These‘results are not
‘ consistent with reports of Jori et.al. where highly spec;fic and |
limited emino acid oxidations Qere'noted:; The specialised.dye binding
.aﬁd:éhotOOXidatioﬁs described by ttem fcr-the hematoporphyrin;,
"lysozyme system could not be dup11Cated in my hands..
In conclu51on, an addltlonal blt of understandlng of a funda-
" mental effect’of nature, dye sensitized photqoxidation;chas‘beenA-

achieved.
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