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Oxygen 18 and 1n£rarca were the means of evaluating proposals

4

involving the carbonyl group of the isocvclic ring of ¢

1

‘and b, bbdel'compOurds relating to the. st

i

P

ruCLurc of cnloroobvt_ (cvclz
ketones, aromatic a yues anu thd“kCLoeSLerS) were stu udied to determine
¢ labilit .y of carocny1 groups to hydra ion. Cnioropnylls and chloro-
phyll derlvatives were then cxamzned and’ their exchange properties are’
dl’CdS od in TClaLlOnstd the model compounds. - .
Oxygcn 18 biological experiments were carried out using the green'
lgae Chlorellé. The c? orophylls were ext*acLed and ana*yzed with
infrared to‘determine the amount of incorporation. Tt was found that
the cﬂ“oony1 funcL1ons ao not part ci tc as_chémical intermediates in
¢ither"'e water sp lit 1ng reaction or in oxluaulve pnocophosphorylaﬁlon.
_rvrax‘y, a ncchanlsm is DrOpOSCd and oxpernncﬂ;&i eV1deﬁce Drescnued
for the role of ch;oropny;l asa cncmlcal Lnte*medla e in photosynthe51s.
‘The notion is that the 3,4 pOSlLlOubOf xzng IT are 1naolved in a rcver51blé
'oxidation—reduction cycle,-wThis proposal camot be tested on the green .
a;gae; since thé chlqrophylls g_and b are isol ted in the oxidized étaté:
an& would nbt*conualp the phoLOSVWL et 1caxly ;moorugnt;hydrOgensﬁz The
'etpc“lﬂC1CS a e carried out on R.’ ruorun,_a photosynthetic bacteria, hﬂlCh_:
is al;oued to pro-oschh051ae in tTlLl ted_water, the bacterlochlorophy‘1  ;
is isolated, and the amount of tri i'n 1ucorﬁorat;on is de;ermlned A
s;lcctlve ox1dat101 procedure reculrlnc 2, 3~d1cn30“o -5,6- d;cyunooenzo~
quinone is fqundgtp remov¢_60~902 of the,incorporated tr1t1um;‘thus o ‘ ,‘4':f
deﬁcnstrating that_tﬁ¢.3,4 positions'érc involved.in.the,photosynthetic |
scheme. Invesfigétioﬁs we%e_carrigd out to dctermine that the incornord— 

tion was not 0;05)1 thetic in origin, by attempting to detcrmine the TcuC
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ffof'biosynthééisiéﬁdifafe of photosynthesis, and by doing double illumi;
ffEﬁnatlon exper1ments 1n whlch the tritiated bacterla are allowed to photod-
"?fisynthe51ze in non=tr1t1ated media for an equal period of 111um1nat10n.

‘f, Thg queSt;on of‘blosynthet;c versus photosynthetlc incorporation is
'i;_diSCuéééd‘éﬁ‘great léngtha A mechanism is proposed for the involvement
.w!?rof ﬁhev3;4fpositions'of bacteriochlorophyll in the photosynthetic scheme.
1; This ingiudeS;a s@ggéstion for "migratory active sites" in which a small

ii;pértentaée'of'thé bacteriochlorophyll carries out the oxidationaredﬁction |
Jl[ficycle and.- these molecules are in equ111br1um with the larger bacter10~

T;fchlorophyll pool as dlstlngulshed from belng "fixed" active sites.
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CHAPTER I. INTRODUCTION

For several decades the central question of pbotosynthcszs has been

‘1thaL of the mechanlsm of the primary quantum conver51on, or, to phrase
.J"‘the questlon dlfferently, what 1is the mechanlsm of chlorophyll partici-
' patlon in converulng electromagnetic energy into chemical energy? The-
d' 1old problem of chemical versus purely 'physical sen51t121ng actlon for
:ddii' chlorophyll part1c1pat10n in photosynthetic energy conversion remains an
‘;e je1us1Ve one. The eerllest proposals identified chlorophyll as a chemical
;;?-. intermediate in which the molecule acts as a reducing agent (hydrogen
‘ dbnor).in the separatien of the primary oxidant and primary feductaht;
-j 'Leck of_Supporfing'evddence for such chemical theories led to the mofe
’t°‘f:ﬂ;;recent'prbposals for'ehlorophyllias an energy tranefer agent (resonaﬁcel

vtransfer and/or electron hole mlgratlon) in whlch the molecule remains

chenlcally unchanged The absorbed electromagnctlc energy 1s ultlmacely

' transferred to acceptor molecules which then undergo the . sequence of
~chemical reactlons which ultimately reduce carbon d1ox1de and llberate
oxygen from»wate.ro Desp;te the collection of eV1dence whlgh has 1ncreased1v
| {'fhe populafitY"of'the "'physical® interpretatioh of the primary quantuﬁ d
Teoﬁvefsibn act;:there is.a persistent gnaudng in the_mihds of some photo-

'v;,feynthesis reseafch'workers that chlorophyil would, should, or could

rforn as a hydrogen tx ansfer agent in the water spllttlng rcactlone

'dFL is with the bcllef that new tcchnloues mloht flnally offer ev1dcnce
i;xor the chem1cal part1c1pat10n of chlorcphyll in the photosynthet1c

'7;*;mechanlsm that the werk descrlbed in- thls the51s was undertaken.



Proposed Chemical Mechanisms

One of the earliest proposals for a reversible oxidation-reduction
" mechanism was that of Dixon and Ball,1 who suggested that chlorophyll a

| (Chl-H,) is oxidized to chlorophyll b (Chl-0).

© Chl-Hy + €0, + light ———> Chl-0 + 1/n(H,CO)n

“ and b in turn isireduced to a as follows:
Ch1-0 + H,0'+ light ————3 Chl-H, + 1/2 0,

>4ConantngE gl32‘proposed that the pigmént might act as a two electron
'.“_reducing‘agent‘in'a dark reaction A

. enzyme

> 12 Chl + C6H1206 + 6 H O

. ‘12 Chl«H2-+‘6 CO2

’withvthe chlorophyll being'regenerated by a photochemical process
'Q}iz:lChi * 12 H0 + light =—>12.Chl-H, + 6 0, .

4
Stoll3 and Wlllstatter con51d°red chlorophyll to. functlon as a hydro~

"  gen donor in a photochemlcal reaction nroduc1nc monodehydrochlorovhyll

- ;.(Ch1-H) ThlS free radical then revertsﬂto.theuorlglnalmplgment via

~another photbchemicél process

Chl-H + H,0 + light —————3 Chl-H, + OH .

| 5,6 | i -
‘Franck’:> has proposed a somewhat similar scheme, but has suggested .

. :‘the following chlorophyll regeneration in which R'CH is different from water.

Chl-H + R'CH + light ——> Chl-H, + RO,




by 1dent1fy1nc the rlng \Y beta—ketocster as the sight of hydrogen dona-
.. tlon. The previous provosals for reversible oxidation- reductlon cycles
'  were-primari1y centered on the 7,8 positions.of ring V, the reduced .
'  :pyrr61e moiety., Franck's proposal of 1955‘suggested-that‘the‘c9 carbonyl
~ group would hydrates’ H- Chl’”OH -, then light light absorption would ex~

.c1te to the flrst excited state and energetically permit the reaction

““__vOne of the hydroxyls of. thls radical could be removed by an enzyme and

_39
About.a deéade later, Franck’

‘made an even more specific proposal,

~OH

F3 / OLI . / O{-I
qulnone + H-Chl =~ —————— semiquinone + -Chl R
OH | SoH

utlllzed for oxygen evolution in a reaction which should be slightly

“,: exothermic, This concept was described more definitively in 1957, and

‘-Can be expressed in the following form:®

: 'ringV»._:” R

CO me OH

i — cnzyme

|   : co2me‘ OH ~ (Ogre OH
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A 51m11ar proposal is one by Calvin,” which introduces the possi-

'1b111ty that the site of oxidative photophosphorylation is the ring V of

- chlorophyll. If the enol form of chlorophyll were to add orthophosphate -

in a light reaction, an encl phosphate could be produced upon dehydra-

tionE which presumably would be capable of phosphorylating ADP to make

the required ATP.

A

s N :
- COgme- Qv.‘v_z,"Csze OH | ﬁ

o }w—?—mi

0" H

Gre o % e N e 0. me \bpor{

COgme .+ O M0 B g 32
The most recent suggcstlon has been that the delta methine position

""of the macrocycllc rlng mlolt be the site of photosynthetic hydrogen

K transfer, This proposal came about from the discovery by Woodward of

 the lability of the delta pritioﬁ in chlorins'(di-hydroporphyrins)o10

Experimental Examination of Prqposed Chemical‘Mechanisms

11

Norris, Ruben and Allen™" carried out the first exnerlments to test

e 'the'ﬁroposed chemical mechanisms stlpulatlnv cHlorovhyll as a hydroqen

- transfer agente. rhey surmised that if photosynthe31s is allowed to pro-
ceed for a sufficiently long time in water containing HTO, that chloro—

. phyll contalnlng tritium should be formed if the ideas suggested above

&

n

Y
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‘v

- unknown subsﬁante N,

“Ge

"“;.»are coi‘réct0 .They used a suspension of Chlorella pyrenoidosa, and allowed
‘it to photosynthesize for 3 hours in labeled water. They concluded from
. several experiments that less than 5% of the theoretical radioactivity

'3;éxpected for complete exchange of one hydrogen was incorporated.

, However, before they concluded that chlorophyll does not act as a

"'hydfogen donor they'had to consider two possible objections: (1) loss
of tritium_from chlorophyll by thermal exchange during the extraction

' process, and (2) an isotope effect--that is, tritium is not an ideal

tracer for hydrogen of mass one. They investigated the possibility that
chlorophylivcontained labile hydrogen which can undergo photochemical or

thermal exchange. They concluded that there is no thermal exchange ob-

" served between purified chlorophyll and 80% methanol.containing HTO (an

experimental conclusion which is later shown to be incorrect). Thus,

theyvtoncluded that any incorporation which may have taken place could

~_ not have been lost during the purification procedure. The question of o
" isotope separation is more difficult to analyze. The low amowunts of in-
" corporation do not exclude the possible existénce of a cycle in which a

. :photoactivatéd éhlorophyll Chl*H2 acts as a donor of hydrogen to some.

| Chl-H, + light + ——> Chl#, + A ——> Chl-H +« HA
and the chlorophyll free radical (Chl-H) formed in this process is re-

duced to nativélthlorqphyll'by a thermal reaction such as

- Cha~H + ROH >»Ch1_HZ + RO .

~ This second process very likely has a lower activation energy than the

;Vanalogbus reaction involving an oxygen~-tritium bond

Chl-H + ROT > Chl-HT + RO .
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.Tﬁe‘différéﬁcevin energies of activation could be of the order.of 2 kcal,
énd éonsequehtly.the normal specific reaction rate should be 20 times
greater than that for the tritium isotope. In the photochemical reaction,
" the ébsorption‘of a light quantum would raise the photoé;tivatéd chloro-
phyll to an energy level well over the top of'the5energy barrier, and »
therefore the specific reaction velocities would be the same for tritium
~and hydrogen an& no. isotope separation would occur, However, if.the
._.donation of the proton from chlorophyll toﬂsubstancéAA is a thermal
reaétioﬁ, then the isotope separation would.resuit in which Chl-HT would
- tend to"acﬁumulate_over Ch1=H26/ Moreover, if the second step_is.photo~
._chemical,’no.iéotope.se?aration»wouldvoccur, |
' This;discussion simply points out the diffiﬁulties infevéluating
- the type of isotope effect to expect in a coﬁplex‘bioldgical systemo, Tﬁe
ﬂmeans of evaluating the iéotope effect were not available, although the
vrate of photosynuhe51s in D,0 was known relative to the rate in water.

‘ T{owever9 it is p0551ble that photosynthesis involves several thermal

-'reacc1ons in which 1sotone senaratlons may occur; thus in the tritium

L experlments ‘where there is competition between ROH and. ROT the isotope

S separatxonvmay be greater or less than one would expect from a.simple

consideration.of the rate in pure deuterium oxide;
-Similar experiments were carried out by Calvin;and'Aronbffslz'using
" deuterated water. In this way the iéotope effects could be reduced, al-
~ though the difficulty with re—exchangiﬁg.labile hydrogen could not be ok
 . avoided. vTherefore; their experiments were applicable only to nbn;labile
,vhychA:'ogc-me AThe‘combustion method of analyzing for deuterium showed that _ N
utherehwaé=nofdeutérium=incorporation into thlorOphyll due to’ photosyn- ‘

thetic hydrogen transfer, Thus, the possibility that the 7,8 positions,

1
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E or}any other noﬁalabile hydrogens of chlorophyll a, are involved in the

photosynthetlc scheme is eliminated,

A decade 1ater9 Vlsnnlac and Rose13 again attempted a series of

'ﬂ”trltlum ewnerlments u51ng both Chlorella whole cells and chloroplaSLs°
'They detected a small amount of 110ht 1nduced tritium incorporation in

- ‘the'chlorophylla which they presumed.to-be in the Cip position, even

thoughlthe”radioactivity remained intact under acid treatment and was

 Jost under treatment with alkali. ‘Thé amount of incorporation attained

was only.a,émalllfraction_of.the_activity-expected for complete equili-

o bration of»one'position with the hydrogen of’watere In 1963 Colman and
_ vVishniacl‘ reported further work on the chloroplast experlments but no -

~definite conc1u51ons could be reached

' There rsp‘ln addltlon9 an important consideration which should be -

- .discussed. Emerson and Arno1d!® Droposed'frem saturation effects in

flashing llght exoerlments that there is a photosynthetlc unlt in which

only a small fractlon of the chlorophyll acts as an active site, while
the remalnder of the chlorophyll serves.as a funnel for electromaonetlc

energx. The. most - recent summaxy. of . this: proposal has been made. by Clay-

L tons16 inlwhich he suggests that one of every.ZQO molchlesv(l/Z%).of ,
chlorophyll a a'arefactive sites. . If tnls proposal is to be accepted,

lt' than an 1nherent llmltatlon is 1ntroduced 1nto any experlments de51gned

to evaluate the participation of chlorophvll as a hydrogen transfer agent

o at tne.actlve site. In the experlm.ents‘descrlbedprevxously9 only 1/2%
" of the theoretical.amount of incorporation could be expected’on the theory'.
‘-“of active Sitesg rather than 100% .on the basis of eXchange of.l mole of
” !hydrogen--aniincorporation far below the limit of detection in the ex-

~ periments described. This is a problem.Which the reader should bear in
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| mind; and one which will be handled in detail in the final two chapters.
“This, then, is the totality of the experimentai work carried out to

efaiuate the chemical mechanisms in which chlorophyll is proposed as a
hydrogen _"transfer-lagent° The conclusions of these experiments neither
 support nor refute the proposals, because of the difficulties mentionedgi
’isbtbpe effect and re-exchange of labile protons, The unexplained small

” amountSjof*ianrporation (less than thét to account for limole of hydrogen

.:fof completé exchange) have continued to entice speculation and rgsearch

* in this field.

Thesis Proposal = . | 3 ' o - : )

It is the purpose qf thié thesis to fﬁfther evaluate the mechanisms
‘that have beeﬁ suggéSted for the chemiéal partiéipation;of chlorophyll
 in'the photosyﬁthetic.séhemee Three isofopes 6f the constituénts of
" water will be used: deuterium, tritium, and oxygen 18, The three |
approa;hes‘torthis problem will be tréated separately‘in the following

'derﬁ.chapterss including both chemical and biological studies,
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CHAPTER 1II. ~DEUTERIUM EXCHANGE REACTIONS OF CHLOROPHYLL a

' The development of nuclear magnetic resonance spectroscopy spurred

a new wave of interest in the chemistry of photosynthesis., It was

'imﬁedigtely apparent that with thisvtechnique of isotope analysis the
visotépe éffect problem in thevtritium experiments . could be.considerably
‘féducéd with the use of deuterium rather than tritium. The availability
. of solvents with high isotopic purity and the lower deuterium bond
R ‘energies tontributetto reducing isotopic selectivity. A fufther advan-
:"ftége of using deuterium and analyzing by NWR is the‘possibillty that it
',lmay not be nccessary to obtain the ploments in an extremely pure state,
.,thus partlally ellmlnatlng the serious drawback of re- exchanglnq labile
'_-.hydrogense Thus, the aim of this rcsearch is to follow a blologlcal
”"exchange reactlon in DZO w1th the green algae Chlorella, The plgments
vwill be exfrécted”and the extent of deuterium incorporation will be
| determined_ﬁy'NMRo'vPrior to the biological éxpepiments, it ié necessary
. to understand the ﬁYpe of exchange behaviér that could be expected in
Lthe.blologiéal experlments and in the extraction procedure; therefore,

;the exchange reactionsof pure chlorophyll a in a variety of organic

solvent systems was undertakcna The previous literature on. this sub-

ject was 1ncomplete and inconsistent, and is revxewed in the £ollow1ng

mSGC‘ClOno o

" Exchange Reactions of Chlorophyll a

11

' Norris, Ruben and Allen™  concluded in 1942 that a mixture of

ﬂ‘chlorcphyll_g,and b did not possess exchangeable hydrogeh after a 30

_minute exposure to tritium in 80% agueous ethanol. In 1952, Weigl and




- Livingston

. relating the.ooservatlons by Woodward(and Skarlc

o -10~
17tmade a detailed search fof exchangeable hydrogen in chloro-
phyll using neufral organic solvents containing an excess of deuterium
oxide, A reaction time of 2 hours was employed and the deuterium was
aﬁalyzed:bylihfrared after the chlorophyll had been combusted. Weigl
and Livinoéton also concluded that no exchangeable hydrogen was present
in the chiorophyll°
The’ flrst 1nvest1gator that d1d not ‘exclude the p0551b111tv that
cﬁlorophyll possessed exchangeable hydrogen was Kutyrmg18 In 1960,
- Kutyrin found é”smail amount of hydrogen exchange between chlorophyll
-and aqueous‘aCetone in a 3 hour period. . The‘first definitive evidence

for'exchangeablelhydrOgen came from Katz gg_gl,919

in 1961, After 48
~hours in a solution of methanol in carbon tetrachloride, both chloro-
. phylls a and b showed one hydrogen'atom exchanged Although the infrared

analy51s could not designate a particular p051t10n for exchange the

- 1nvest1gators implied that from the structural formula it can be antici-

pated that the hydrogen atom at position 10 ié in a favorablevmosition

e_for enollzatlon and should, therefore, be both labile-and exchanoeable..
- At the outset of_thls project, tne most recentrwork by Katz et al al»20
j.stated'that wﬁen chlorophyll is treated With methaﬁol in carbon tetra-

'chlorides-the NMR results demonstrate unequivocally that only one

" hydrogen atom unaergoes exchange and that the 1ab11e hydrogen is

located on the porphyrln ring at the delta position. Their results,

10 on the exchange

 behavior of chlorins to include the chlorophylls, had profound influence
~ . in further;ng investigations on the mechanism df photosynthesis., (In-
Vvestigations reported during the progress of this research indicate that

Iboth.the 10 and delta positions are labile,ZISZZ)

y

2, ~
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i and sugar chromatography according to the method of Calvin and Anderson,
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and CH_OH) chosen by other researc~ers'

. The solvents (CC149 CHC~39 5

:;} for ekperiments_designating chlorophyll as possessing labile hyd;ogens
'lf :aré not those"solvents_gsed in»the pigment extraction procedure (CH;COCHz
'it::::ZE énd HZO)OH Thus, it éppears imperative to further establish the

>" 1abi1ity of?chlorophyll in aqueous.acetone.and. to.further. investigate

the exchangeability of the 10 and delta position.

.. Experimental

_Chlorophyll a was isolated from spinach using powdered polyethylené*'

23

. The eluate from the sugar colum was evaporated and transferred from an
acetone solution to isooctane. This was an additional precaution to
" remove colorless’impurities derived from the final colum. The absence

U of other_pigments.from'the chlorophyll preparations was determined by

visible absorption spectra. The absence of colorless impurities was

' determined by elemental analysis.

Deﬁteréted;solvents were obtained commercially except for .the heavy

. ‘water, which was obtained from Livermore Radiation Laboratory.-

' The/NMR_spectra to determine the deuterium exchange were taken.on

:1/ a Varian A<60 spectrometer, supplemented by a Mnemotron'COmputervof
g Average Transients. This made it possible to use low concentrations

(2 x 1072 M of chlorophyll in some binéry‘solventss and to check the A

completion of the exchange reaction. The peak assignments for.chloro- -

*Powdered polyethylene: Dow has discontinued manufacturing this form of
polyethylene of melt index <2, and has given its.remaining stock of six

. 60 1b, drums to Prof. H. Rapoport. U,S.I. polyethylene powder, desig-

- . mated "Microthene FN-500", can be substituted for the Dow product. Not

.. - all powdered polyethylene will separate the xanthophylls from the chloro-
.. phylls, and examination of several lots is generally recommended.
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.phyll were made by Anderson9 and more recently have been supported by -
the work of Katzozsl All \mm.samnins were prepared on the vacuum line.
' The blnary solvents, usually half a milliliter in volume, were degassed
- and distilled iﬁto thé NMR tubes which were then sealed under NZ’ The
exchange.reactions were then fqllowed;with time using NMR. |

At the compietion of the reaction, all samples were checked by
visible ébsofption (400-700 mu) to ensure that degradationjﬁad not
- taken ﬁlaceo -

Dark eXperiments were carried out by covering the NMR probe and

- darkenlng the room° The samples were prepared on the vacuum line in a

dark room. The effect of light was then tested by placing the tube in
a water témperature bath between two photoflood lamps° Table II-1 lists
all the experiments'Which have been completed. In the following dis-
xj7_cussion5 the eXperiments are referred to by the number given in Table

I1-1, -
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ST TABLE T1-1 o
Chlorophyll a-Deuterium Exchange Reactions-
Solvent mixture ] MR tube | - C10 3 Delta-Hydrogen ,
: _ , ' o : ' ) v complete complete Final
 Solvent Exc, media - . . | Gas Sealed | temp, t-1/2 exchange | temp. t-1/2 exchange | _state -
1, acetone 105D,0 [Ny Yes | 32° 3hi:113h 25°  None in'9 mos.| No oxid,
2, . " ; n e R air No. weeoom " o " Some oxid.
3.5 " - " +DOAC, 0,0L M | N Yes | "™~ ‘rapid 1h "o 4 mos, f ,
4, " - "+ DOAC, 0,04 M [ Ny Yes " " 1/2.h 75°. 11 h 24h No oxid.
5. acetone 30% CHSOD: _ , ;NZ Yes 75°  rapid @ -~ 75°  >193 h None ‘| No oxid,
6.%1 CDCl; 103 CGHzOD o -e - 38° 6,4 h - 38° 100 h  --
7, " "o | Ny Yes 32° 24h  -= | 32° 150h - B
8,22 " 303 oD . - - .| " Yes | 75° . -- -- 75° 16 h -- No oxid,
9, " " - " Yes | "  rapid " 1h .12 h 22 h No oxid,
10, " o o - o Yes | .t . ® L "o v . 18 h Oxid,
110' " 11 . ' : C 2 YGS ’ . Yt ,n‘. R 1] ) " - [ 1 . 46 h ‘N_O“_Q)Sj‘_@g
12, " " S room No - 32° 76 h -~ 32° 1/2h 2-8 h R
: ' air - o ST ‘
13, " 30% CHzOH ~ ' " No | " " S e n 1-1/2 h Slight
14, " " S air No " None None " None None No oxid.
: 15, " 30% CHz0D + DOAC, 0.01 M NZ Yes 75° rapid 1h _ 75° 4K - 12 h - No oxid,
; 16, " - "+ Dy0, trace | M Yes " " " " 10 h. 45h No oxid,
i 17. CDCl, 10% D0 | N,  Yes 75°  rapid 1 h 75° 13h >46 h | No oxid,

-1-
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Results
.AceeonefDZO‘waS the first solvent system in which the exchange
.reaction was studied. The choice of this system was madevbecause of
'its applicability~to the latei.biological reactions in which the ex7‘
:'change media will be DZOvand the extraction of the cﬁlorophyll will-
~ be carried out using acetone. Thus,.it is of importance to be. aware
of theuhydroéen-lability to be expectedvin the isoiation of the pig-
‘_mentsgk Results showed (#1) that the ClO eroton exchanged with-a half
life of 3 hours at the NMR probe temperature 32° ,-There is no evidence |
.vthat the delta n051t10n exchanges after nine months°
| Rapopo*‘t22 (#8) and then Katz?1 (#6) reported exchance reactlons

'u51ng the solvent system CDC1;-(GHA0D, in whlch they found very slow

- .-delta exchange at 38° and at 75°, Bec ause of the general discrepancy

_1n our results between the solvent systems (CDClS-WeOH shows delta ex-
o chanoe whlle acetone D,0 does not), their experiments were repeated in
this laboratory to make certain that there was not an error in technique.
The results, were comparable (#7, 9), thus 1eav1ng the Droblem of ex-
plaining the qualltatlve dlfference in the behavxor of chlorophyll in
these two'soiVeht eYStems, | o o |
| It is proposed that the more acidic nature of the chloroform system
is cau51ng the delta excnange‘ or, conversely, that the more basic nature'_
- of the acetone: carbonyl group 1nh1b1ts the delta exchange. This proposal
is based on the finding that when traces of acetic acid are added to
: either solvent sYstemB a rate enhancement is found for the“delta~ex~'b
lcﬁange (#3, 4 '15j : Rapoportzz suggested that the delta exchange could
"be exolalned by an eneamine tautomerlzatlon, which is acid caealyzed

there is other evidence of methine posxtlon exchange -of chlorophyll
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‘ CDC13-D
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".derlvatlves in acetlc acid.’® Electron den51ey calculations show that
 the methlne p051t10n which 1s adjacent to a reduced pyrrole ring should .

be subJect to electrophlllc attack 26

Other_solvent systems used.ln this study are acetone-CHSODg‘and

50s As would be expected from the. acid. catalysis theory, no

: delua exchange was found in the acetone system (#5); but the CDCi, Dzo

showed exchance with a half life comparable to that in the CDClB—CHSOD

'1»;'system.(#17)@

In the course of trying to explain the difference between the

. exchange behaviorvin various solvents, an extremely interesting rapid
' exchange of the delta p051tlon was found (#12) - If the'NMR sample was
fﬁnot prepared and sealed on the vacuum line but simply nlxed using

". CDC1,-CH_OD in the open air, the half life of the delta position at

373

. Toom temperature is half an hour. This is extremely rapid, in com-

" parison to a half life of 12 hours at 75° when the tube is sealed under

2 This phenonena does not occur with the acetone solvent system. =

It was first shown that the rapid exchange reaction is not a simple

;oXidation‘which selecfiVely.femoves the delta proton. This was accom-
f:_plished by loeking at'a Sample in CpClS;MeOH (#14). If it was a sim@ie_
u'oxidatien; then the delta peak would have been_removed'from the NMR
“dspeCtrum‘in thia‘expefimento Further'evidencevagainstvoXidatien is
~found in the reVersibility of the reaction (#12, 13). When the exchange
_,;; is complete at the deita position, the solvent is evaporated, and CDClS-
= Mqu'is added Thc delta peak returns with a half llfe of half an hour.
;#'vThus the loss of the delta peak under these condltlons is in fact an A

'»-‘accelerated exchange reaction.
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| ‘Because of the potential biological significance of a rapid

hydrogen tréﬁsfer reaction, the investigation was continued, to try | (
tobuﬁderstand this phenomena, Samples prepared on the vacuum line ‘
:k under oxygen and carbon dioxide failed to show a rapid exchange;

- The possibility that water vapor im the air could be the cofactor

- was eliminated, since no rate enhancement was found (#16) by adding
 D2O to the syeteme |

"1t had been assumed that the "air" in some fashion catalyzes

" this reaction, but it.was also possibie,that.the catalyst was a vola-
tile‘impurity in the chloroform which is removed to some extent during

the degassing o‘f»the'sol\'fentso Thus; the exchange reactions take

place only very slowly even when air is admitted to the vacuum line.
tube Before sealinge To test the p0551b111ty of a volatile 1mpur1ty,r
a tube was preﬂared as usual on the vacuum line and sealed under nitro-
gen. The delta position was found to be comoletely 1ntacta The tube
.lﬂwas then opened to the air and shaken thorouohly, no delta. etchange
‘was found in two hours following whlch slloht decomposition took place.

Thus, it appears that the solvents could have a volatile impurity Wthh
is catalyzing the reactlon. L

At this p01nt it was also found that tne 1mmed1ate exchanges whlch

.: had. been conszstently reproducible in the nast did not.occur- 1n some

~ of the other samples of deuterOschloroform in the laboratory. Since
- it was known that.the exchange reactlon can be ac1d catalyzed in the

_acetone D O system5 and that the 1mmedlate exchange could be catalyzed

2
by such volatlle impurities as HCl acetlc ac1d (0.01. Nj was. added and
the immediate. exchanve was carried out.. It ‘was. found that in the samples

of chloroforn in which the immediate exchange reactlon would not take
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‘place, the reaction proceeded normally (maximum half life of 30 minutes)

' when acetic acid was added.

 1 Katz be attributed to acid catalysis, but that the immediate exchange
found in this laboratory is also a consequence of acid catalysis. DBoth

" Rapoport and Katz state that their exchange reaction vessels and solvents i

" change, but comparable to the vacuum line experiments.

duepto,lighta__

posed work was started. During the course of the experiments, Katz §§.§£°

-17~

Thus,,it seems that.not only can the results of Rapoportzz and
21,

had}been7carefu11y purged with nitrogen, so. that it is reasonable that

their rates of reaction would be slow in comparison to the immediate ex-

The conclusion of the study of the organic solvent exchange reactions

is that acetone is the best solvent for the extraction and purification |

~ of the pigments, since the delta position does not exchange under these

' conditions., It should also be noted that there was no rate enhancement

Biological Experiments

With the knowledge that the delta position would not re-exchange

lduring the isolation procedure of the biological experiments, the pro-

27

“published results for the proposed biological experiments, Their findings

. show that there is no delta incorporatiocn and no evidence of incorporation

in the reduced pyrrole ring in the 7,8 positions, although these éignals

' -would be very broad and difficult to detect. Their work went one step
further than our plans: they did the reverse experiment using completely

“deuterated Chlorella and photosynthesizing in HZOQ‘ In this manner,

detection of exchangeable hydrogen should be easier because the remainder

‘of the hydrogen atoms do not appear in the spectrum.




-18-
Tﬁeré is no evidence concerning the 10 position, because this
: prof¢n would te=excﬁange during their purification procedure. Katz
" completely purified the pigments in order to take the spectrum, al-
.thqugh this wquld not be necessary. A spectrum of the algal extract
shows the delta position clearly; the 10 position is not identifiable,
'.being hidden under a number of other signals from extractable material,

Because of the difficulty in evaluating the role of the 10 position

4-;' in photosynthesis -using hydrogen isotope tracers, the next chapter will

- consider the role of the 10 position using oxygen isotope tracers in

conjunction with the enolization of the beta-ketoester.
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. CHAPTER III. OXYGEN 18 EXCHANGE REACTIONS:

- ALDEHYDES, KETONES AND CHLOROPHYLLS™

This investigation of the exchange reactions of aldehydes and

ketones with 018 enriched water has been undertaken in order to be

~able to examine the participation of chlorophyll carbonyl groups as
chemical.intermediates in the oxidation of water during photosynthesis.

Photosynthetic mechanisms, presented in Chapter I, have been proposed

byrdélvin9~and'Franck8 in which the separation of oxidant and reduc-

téht} réQuired fbr.OXYgen evolutionvand carbon'dioxide fixation, is a -

photocatalytlcal chlorophyll reactlon° Essential to these mechanisms

‘are the ablllty of a cnlorophyll carbonyl group to undergo hydration,
“and the enolization of the 10 p051t10n° The presenL work evaluates
"ﬁvthe exchange ability of chlorophyll in comparison with simple ketones,

-‘aldehydes, and beta-ketoesters. .

18

The 'literature .on the 0 exchange reactions of carbonyl functions

 indicates that aldehydes exchange very rapidly in comparison to ketones.

‘Acetaldehyde exchaﬁges completely at room temperature in neutral solu-

tion within 24’h6ur5928 while acetohe exchancé is incomplete after 24
29
hours at 100°. . A comprehen51ve survey of the literature by Samuel

and S;chrs glves exchanﬂe rates in various solvents, acidic and basn.cp

. for acenoqe' acetaldehyde acetoacetate9 para substltuted benzophenones,

methyl cyclohexanones, and substituted benzaldehydesa

_;*The-contents of this chapter appear elsewhére: Mariarmne Byrn and
Melvin Calvin, J. Am, Chem. Soc. 88, 1916 (1966).
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,\ L3 O H_XM'C,:OWH”gA) N
| (1) o
+&N v\  fast -
H—x—(l?mﬂ A,c_.--m-——-H + A+ X—C—0H ,

eneral base catalysis involves the concertéd removal of a proton from the
attacking'reagéntg to facilitate attack at the carbonyl group, as shown in

Eguation 2.

- N LEN L
.A'ﬁﬂé/x\\ ﬁ%[Aznli“XMolC“gO gA—-HQ»(lJ-*O'
jfast @
| _, o
C 3
|

'In the back reactions, the roles of the acid and base catalyéts are reversed,

- thus completing the ot® exchange°35

Exverimental

| Tetrahydrofuran'(THF), which is freshly distilled from lithium B .
'alumlnumnydrldea was found to be the only su1tab1e solvent for the hydro~ |
chioric acid catalyzed excnange reactions. It 1s mlsc1b1e with. water, B s

1, and dissolves chloro-

. transparent in the infrared from 1500-1800 cm
phyll, chlorophyll derivativess.ketoneéa aldehYdes and beta-ketoesters.
v Pipéridine was used as the solvent and catalyst for the basic reactions.,

Pyridine was the only other basic solvent examined which did not possess
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interfering absorption in the infrared, but it was not even'strong

enough a. base to catalyze: the exchange reaction for acetone. In all

cases; 10 ul orf.01 g of the substrate ‘and 10 ul of 60.7% DZO18

(analysis_bnyeizmann‘Insﬁxtute) were used, A high deuterium content

water was used because normalized water absorbs in the infrared at .

l, A control sample using DZO16 was run for each compound,

‘A‘ to ensure that spectral changes were not due to chemical change or

5 deuterlum'exchangea The molar excess of o8 in the water over ex-

. changeable O1° was of the order of 25- to 50-fold for the ketones,

~and 100~fdld'for the aldehydes. For the ketoneé 50 ul of THF or
3 nlperldlne were used whereas the aldehydes were less soluble and re-
quired 150 ul of solvent.
Infrared cells (0. 025 mm path length) w1th IR-tran windows were
:rused as the reactlon Vessels since these w1ndows are re51stant to
' aqueous solutlons both ac1d1c and basm° This enabled the exchange
~ to. be followed u51ng a Beckman IR~7 snectrometer as the reactlon pro-
f_ceeded at “Toom: temperature° The first few mlnutes of reactlon time
)  are spent)ln order to fill the cell and obtain the flrst spectrum,
~thus maklng it 1mp0551b1e to obtaln a ''zero time" readmge Because
- as much as 5 min may have elapsed in several 1nstances the reaction
was complete by the time the first spectrum was obtalned In such
N cases, the deszgnatlon 1n the following tables is for an immediate
reaction (Imm.). For the remainder of the cases the time is stated
" for thefeerliest spectrum which shows”no subsequent change in the car-.
i?__bonyl bands ithis beihg the time required for the substrate and O18
enrlched water to have come to equ111br1um within the sen31t1v1ty of

'ethe observatlons,; The type of spectra obtained is illustrated in



74
. Figgre‘ill—zg depicting a mixture of benzaldehyde in .001 § ﬁC1 in THEF.
The exchange time of 20 min is in the optimum range for observational
accufacy using this technique, As the exchange times become longer,
”_’they are more difficult to determine because the kinetics are exponen-
tial in 016 ‘remaining in the carbonyl and oi8 being 1ncornorated and |
_as the end.noint is approached the spectroscopic changes become very
':j]small If tne exchange time is greater than an hour, spectra taken
every 10- 15 min show llttle change after the first few. observations.

' ngh temnerature exchange reactions were accomplished in sealed

| tubes in an oil batne_; t the comnletloq of the reactlon, the solutlons

were evaporated and the materials Durlfled using thln layer chromato-

”5H_igraphy°

USIng thls 1nfrared technlauep it is 1mp0551b1e to determlne the |
', exact extent of 1ncorp0rat10n' the molar extinction coefficient for
'tthe heavy 1sotope band has been shown in previous research not to be

olé carbonyl band, and the extinction coefficients
32-34

© the same as for tne

A rough'comparlson of the peak sizes indi-
O18

are not predlctable°

cates the exchange approach s 100% of the theoretlcally nossxblc

1ncornorat10n, ‘but in some cases the equ111br1um apnears to be at about B

'ﬁv60 80% exchange° This could be a solvent effect on the extinction co-

- efficient, However9 the extent of 1ncorporatlon of 08 in several of

‘the compounds was determined using low voltege qn the CEC Mass Spectro-

meter 21 1300_ Ten ul of cyclopentanone ‘cyclohexanone, and benzaldehyde‘

"'were respectlvely mlxed in 100 ul of acidic THF and- 10 ul of DZO]'S9 and
. allowed to stand until completion of the exchangee, Fifty ul were used
for an IR spectrum, and 50 ul were taken for a mass spectrum, The

tetrahydrofuran had to be evaporated in order not to drown out the car-

@
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BENZALDEHYDE IN .00IN HCI IN THF AFTER 20 MIN.

DQOlG mixture
------- 02018 mixture
| l | !
1800 {700 1600 1500
v in cm-l
MUB-8618

Figure 11I-2. Benzaldehyde in .001 N HCl in THF after 20 min,
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bonyl compound mass spectrum. From the ratio of the peak heights,

18

" the extent of 0~ incorporation was determined:

18 _  (M+2) 100

0 + (M+2)

oL

The 1imit of detection of C=O18

by infrared was evaluated by
preparing benzaldehyde samples using successively smaller amounts
of 018<and determining the extent of incorporation by mass spectro-

scopy. It was found that a 2% o8

incorporation is barely detectable
" above the noise level, assuming the spectrum is intense and the lo-
cation of the isotope absorption is known. For less ideal conditions,
5-10%-incorporation can easily be detected.

The assignments for the bands of the.beta-ketoeéters were taken
lfrom the work by Rhoades 93_31336 The simple ketones and aldehydes
showed s11g1e bands in the carbonyl reglon and presented.no diffi-
~culty. Cyclopentanone is an exception to thlS fact in some aqueous
" solvent systems, in which case two peaks are found, Two peaks are also
found for several other.compounds, as noted on the tables. The infra-

24

red spectrum of chlorophyll has been recently studied by Anderson”” and

37

 Katz,”! and their assignments are in agreement. The carbonyl region is

clear in poiarisolvents, and allows for reiatively easy analysis'cf;anu
isotope shift of 30 emL, | .

The ketones, aldehydes and betanketoestcrs were obtained from
commercial sources and used without further purlflcatlon. The chloro-

23 The Pyro

‘ phylls were prepdred by the method of Calvin and Anderson,
ccmpounds were’ preparua by the method of Pennington et a1.538 althouch
~a single homogeneous product was not obtalned as their procedure stated.

Separation from starting materials using thin layer chromatography
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. ;ylelded the pure products possessing the correct spectral properties.

Results and ‘Discussion

. An unfortunate limitation in determining exchange time with this

]Ixnfrared technique is the very snall range (5 to 60 mln) which can be
'-_determlned with apprec1able accuracy, thus making it necessary to change

© - acid concenfrations in order to bring the exchange time into a measurable

Tegion.,

Since the C=018 molar extinction coefficient is not known, nor is

the equilibrium constant for the exchange known, I was unable to deter-

mine the absolute kinetic constants for each compound as would have been

" ! - . 3 '
desirable in order to compare reactions of different:compounds at various

acid concentrations. Presumably the rate law in acid might be éxpected

ifI to obey the relation dol0 _ - k [B+] [016] For two compounds,

dt

'V1ndanone and anthraldehyde the acid conceniratlon was varied in an

vempirical fashion, keeping the exchange times within thelpegion mentioned ..

above; and then expressing the apparent time for equilibrium as some func-

¥ tion bf»the_hydrogen ion concentration. The equilibrium time observation
- appears to have been made in such a mamner as to give the empirical rela-
~ tion shown in Figure I1I-3. This was used to determine relative exchange

t. . rates when necessary.

"Aldehydes _

. The _ro&u ts of the ac1d catalyzed reactIons of a series of aldehydes

-vare summarlzed in Table III 1. For the series of aromatic aldehydes which

7,'exchange in 0.001 g_HCI, the results are consistent with. the mechanism =

discussed earlier. The effect of the protonation of the oxygen is to

" increase the electrophilicity of the carbonyl carbon and make it more

"
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Figure III-3. Exchange time versus acid concentration for indanone

and anthraldehyde.




TABLE III-1

‘.‘ Acid Catalyzed Exchange Reactions of Aldehydes in Tetrahydrofura{n

: o Empirical
ST : Concn of Time, ——— y,cm~! ——— - resonance,
Compound S HCL, N min C=01%  C=0u energy
Aceialdehydes CH,CHO o 0.001 Imm - 1720 1692 0
Benzaldehyde? : [:I) _ 0.001 20 1703 1675 36.0
2-Naphthaldehyde @ cHO 0.000 25 1697 1668 61.0
1-Naphthaldehyde - CHO 0.001 35 1692 1664 61.0
9-Anthraldehyde . cHO . - 0.001 45 - 1676 1650 83.5"
9-Phenanthraldehyde CHO - 0.001 " 55 1691 1661 91.3
3-Indole aldehyde CHO 0.005 20 1667 1641
Chlorophyll b m 0.005 20 1665 1637
Pheophytin b2 N ' 0.005 20 1663 1636

s Decomposes rapidly. 479 0'8 determined by mass spectroscopy. © Purification of C=018 compound on mannitol tlc using 2%

methanol in isooctane. ¢ Purification of C==0# compound on mannitol tlc using 13 % acetone in isooctane. Frequently, a considerable
amount of the labeling was lost during purification. '

.=62...
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~_feéctive‘toward addition reactions. Opposing this increased electro-
philicity is the effect of the extensive aromatic system, which acts
as an electron donor to delocalize the positive charge on the carbonyi
carbon,. and hencé? reduce the reactivity of the group in addition |
reactions, as showﬁ.ih the.following resonance form:

OH
LH

. This ability of an'aromatic system to delocalize charge can be measured
as the empirical resonance energy,3% which is directly related to the

 EMO delocalization energy and corresponds to the resonance hybrid,40

For the exchange reactions of these aromatic aldehydes, a good corre-

‘lation exists between the empirical resonance energy, the time of thev‘
exchange reéctions and the'fréquency of the carbonyl absorption, both
for C=016¢ and C=018 (see Fig. iII~4), Thé'relationshipvbetween the
- frequency of absorption and the rate of reéction is a reflection of the
well known éffect of conjugation on carbonyl stretching frequencies.

The'thrée remaining heterocyclic aldehydes, indolealdehyde, chloro;
phyll b and phéophytin b, have identical exchange timése For indole-
aldehyde this exchange time, which is three timeé slower than benzalde--
hyde, is nbﬁ_caused by the aromatic ring since it is not directly
conjugated with the carbonyl group. The slow rate can be attributed to

Ha.very stéﬁlé resonance form involving the nitrogen atom, which would |

. inhibit carbonyl addition reactions.

L
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The same type of resonance structure can be drawn for both chloro-
phyll b and pheophytin b. However, such contributors are much less stable
than the one for indolealdehyde because of the electrostatic repulsion of

the chelated magnesium and the positively charged nitrogen. With indolealde-

94 . Eﬁ%\ﬁ )?’()EE

CO,M

hyde the hydrogen can be easily removed from the positively charged nitrogen,
while this is not true of the magnesium. It follows then that the hydrogens

which replace the magnesium in pheophytin B,musf alsoe be unable to freely

leave the heterocyclic nucleus since the exchange times for the two compounds

L
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are.ideﬁtiéai;L Thus the‘slow exchange time for chlofophyll b and pheo-
”G:phytiﬁ E.is due to the extensive chlorin aromatic system, whereas indole
: aldehyde exchange is inhibited by the presence df the nitrogen atom.

Base catalyzed aldehyde exchange reactions were attempted'using

o wi'two different’ solvenL59 pyrxdlne and plperldlne, Pyridine was not suf-

4.£1c1ently basic to catalyze the reactlons at a rate which can be detected
using the 1nfrared technlque, Piperidine was found to be so strongly
llba51c that it formed an addltlon product remov1ng the carbonyl absorp-
};ftlon band. Inorganlc hydrox1des were not. used because they are known to
va'allomefizegchlorophyll.
Ketones |
The results of a serles of base catalyzed ketone exchange reactions
-fi and several beta ketoester exchange reactions are summarlzed in Table III 2,
VjThere are no-dlrect correlations between the exchange times, the stretching

"~,:frequencies,AQf any other readily'measurableidﬁantity, Cook#! has found:a

':T' relatidnship'betﬁeen.the XX!C=0 bond éngle, the ioﬁization potential and

~ the carbonyi stretching’frequency; but theéé~relation$hips'cannot be
igiextended to encompass the exchange times. Howé?er these results can be.
j”xqualltatlvely analyzed accordlng to the mechanlsm presented above, on the -
;~ba51s of boch electronlc and steric considerations.
_Acetone has the fastest exchange time, hav;ng neiﬁher Steric inte:;
ference nor élecﬁrpn'donating groups to reduce the_electro?hilicity of

'v:the carbonyl éarbona Vinhydrin (1-2'3-triketohydrindene) is also

'ﬂhfextremely rapxd ‘as could be expected with the electron w1thdraw1ng

effects of thc opposed keto groups and the lack of any steric 1nterference,h

The serles cyclohexanone, cyclobutanone, cyclopentanone can be




TABLE 111-2

Base Catdlyzed Exchange Réactions of Ketones in Piperidine

4 _ v, cnt ~
Compound . Time C=01 C=0n
Aceione - |  o—t—cH, Imm 1708 1678
Ninhydrin ' : o Imm 17140 1692
e S 1739
. "o -
Cyclohexanone ) é 10 min 1707 | 1678
‘ ull 0min
Cyclobutanone ‘ 10 min 1780 | 1747 '
9 &
Cyclopentenone é . 15 min 1739 1708 '
Cyclopentanone _ I:B 1hr 1735 1702
, 0 -
Fluorenone _ - 1 hr 1716 1685
‘ 0 . - : .
fndanone <I§ 3.5 hr 1713 1683
| 0 0 o . '
Ethyl acetoacetate Il I : 10 min 1711 1684
CH,—C—CH,—C—0—Et .
0 9
Carbethoxycyclopentanone? f i : . 1735
. . C—OEt .

+« Two carbonyl frequencies are ol?served for ninhydrin, as they often are for anhydrides. * The ester carbonyl and keto carbonyl stretching-
frequencies are both in the same region and overlap; therefore, it is impossible to determine a rate for the reaction. ’
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- ?l;evaluated by consxderlno the amount of ring strain which is lost when

‘“:?.the sz carbonyl bond is hydrated to form an sp3 tetrahedral carbon in

. the 1ntermed1ate,

- Hy0 OH
N 2 ~./
Ve / \\OH

Sy

;“The angles. are 117°' 94°, and 108° respectively, for the carbonyl bond,
B whereas the bond forned for the hydrate is 110°. Thus, cyclopentanone<

~is ‘the slowest because it loses the least amount of ring strain. The

: _:relatlonshlp between acetone, cyclohexanone, and cyclopentanone can be

" seen in other carbonyl addltlon reactions such as semicarbazone forma-

"éitlon,35 Additional views are those of Price and hammett42 who note the

”‘vlncreased react1V1ty of cycloncxanone compared to acetone as almost

'?"entlrely due to a lower heat of activation. Brown, Fletcher, and

o Johannessen43 ‘have p01n¢ed.out that a cyclohexane ring in which all of

“";ﬁltbe carbon atoms are tetrahedral may ex1st in the partlcularly stablc

?;‘chalr form, in Wthh all of the valences are staggered ‘but that when

~ one of the carbon atoms is trlgonal, as in cyclohexanone, this stable
o A . _ et

:’*5vconfiguration is impossible. Since the rate»Controlling step involves

"'Ti.the transformatlon of a trlgonal carbon atom to a tetrahedral conflgura—

"“g tlon, the reactlon occurs partlcularly easily w1th cyclohexanone. In

- the case of cyclopentanone, the Valences are more easily staggered in

the ketone than in the reactive intermediate, and a decrease in reactivity

" is observed.

_ In the‘remaindeffef the compounds' Cyclepentenone"fluorenone and
‘elndanone, the r1no straln is apnrox1mate1y the same since cyclopentanone
"rlngs are the fundamental units involved. The exchange times can be con-

i'?b51dered on‘the'bas;s'of_the number of hydrogensvwhlch are ecllpsed in the

N



-3G-

A intefmédiate:and;the effect of afomatic fings in reducing the electro-
Aphiliéiﬁy.of fhe éarbonyl ¢arbon, Cyclopentenone is faster than
cyclopentanone, although a decrease in rea¢tivitylcould be. expected
from the additional unsaturated bond of cyclopentenone. However; the
. unsaturéted compound has one less hydrogen to sterically interfere in

the intermediate hydrate.

HO _Od

Another example of the predominance of steric interference over elec-
‘tronic inhibition.;s.the difference in exéﬁange times between indanone
and flﬁorenone° bFlﬁorenone, with two aromatic rings adjacent to the
cyclbpentanone ring, is 3.5 times faster than indanone, which has one
adjacent aromatic ring, but two hydrogens which interfere.

The reSultslof the acid catalyzed ekchéhge feactionéJof keéonéé
. and several beta-ketoesters are summarlzed in Table III 3, It is
.;~1mmed¢ately cbvious that the sequence of compounds from tHe fastest to
the slowest acxd catalyzed reaction is qulte dlffereqt from the base

£

.catalyzed reactlonso. This reversal of order on going from acid to .

44 when'studying+Eyéubstituted

base catalysis was also noted by Mznon
; benzophenonesa

- The 1nvers;on of cyclobutanone and cyclopentanone can be explained
con the basis of the basicities of the ketones.' The pKBH+ for cyclo-

hexanone, acetone, cyclopentanone and cyclobutanone are -6.8, -7.2,

: c7°5,'and —9,5 respectively,45 The rate of eXchénge correlates with.
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TABLE. I11-3

Acid Catalyzed Exchange Reactions of Ketones- in Tétféhydrofuran

o _ : Concn of yyem™l—— Relative
Compound . S : HCL, N Time C=01¢ - C=01 rates
Cycichesamones . (E o ' 0.601 Imm 1705 1682 <03
CAcstore CH,—C~—CH, 0.001 Imm 1710 1680 o <0.3
: ' .9 ' . C ' :
Cyclopentanones ' o ' ) ‘ 0.005 10 min 17459 1706 1
S ' : . 1728 '
. ; | .
- Cyclobutanone® ot 0.01 Imm 1782 1749 1.2
Ninhydrin 0.01 1.5hr *17300 1704 - 11
1757
) | | . ' , . _
Cyclopenterone : S 0.1 : 10 min 1664 1647 12
' ' ' 1703 1682
Indanone - : ©:§ - 0.1 15 min 1713 1686 = 19
) ) ) _ [0} . .
Fluorenone? ‘ , ‘ 0.01 2.5hr 1719 | 1686 >76
Ethyl acetoacetate CH,~—C—CH,—C—OE¢t 0.005 20 min 1719 . 1688 -
o 0 o ‘ -
Carbethoxy- lil\f—@ oR 0.1 Imm 1750
cyclopentanone® : .

o Shows two ketone peaks in some solvents. & The keto peak of carbethoxycyclopentanone is a shoulder of the larger ester carbonyl

peak, making it difficult to follow the exchange. The reaction time was determined from the disappearance of the O shou}der. f46%

e 08 determined by mass spectroscopy. ¢ 65°; at room temperature in acid concentration of 1 N-some exchange takes place immediately,
but the spectrum is very broad and difficult to interpret. ° Decomposes rapidly. :
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'fhe increasiﬁg basicity of the ketones; the least basic, cyclobuta-
none, is least stable in the hydrated form and thus has the slowest
exchange rate, ;

~ Campbell and Edward?® showed that the basicity of cyclic ketones

'-QQ_paralleled changes in stretching ffequency; this correlation can be

made with exéhange rates for the firstlfour compounds, although for
:‘theAfemaindefvof the compoonds there is no relationship between
f‘strofching frequency, exchange rates, and basicity.
"'Ninhydrin“is"quite'-slow9 and could be compared in basicity to a
'diketonoo. For diketones, basicity decreases as n decreases

o, |
Loy,

' ahd when n=0, basicity is less than typicalrketones—-that is, the form:

T

o e

'f:ls very onlikoly.4?,vSinoo ninhydrio Haslthreé oonséoutive-keto groops’
~=:(2 hydrate), it follows that the reaction rate should be slower than

- the_51mple ketones. The fact that ninhydrin is faster than indanone
'reflects:the electron withdrawing effect of the additional keto group
to ‘increase the reactivity of the.oppoéed oarbonY1 group.

For the remainder of the acid catalyzed ketone,eXChange reactions,
the balance between électronic and stefic effects are the reverse of
thooe for thé base cafalyzed reactions,' Cyclopentenone is oonsiderébly
slower than cyclopentanone and reflécts the 1mportance of the addi-

) tional unsaturated bond and the relatlve unlmportance of the steric
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T;effeets of the additional hydrogen. [Dahn46 found the rate of choles-
‘.tanone tcycloheXanone) to be 103 timesvfaster than chelestenone (2-
'eyclohexenOAe)ﬁ'which again demonstrates the effect of one alpha-beta .
“unsaturated bohdalz-Another instance of the predominant effect of elec-

© tron donating_functions'is the very slew_fluorenonevexchange time

_ relative to indanone. The aromatic ring hinders the reaction more

than the additienal hydrogens on the indanone moiety. This predominate -

o effect:of'electron.donating aromatic rings over sterically.interfering .
‘ hYdrogen atoms in the acid catalyzed reactions is reasonable, since the
’?_stebility of .the. conjugate acid towards the formation of the hydrate

:;will,be'dependent on the electronic effects.

.Beta?ketoesters

" Cohn and Urey2 showed that the exchangc reaction of acetone does

not follow the path of enolization, but is faster than enolization.
o The enol form 1s not subject to electrophlllc attack and would decrease
' the rate of exchange. This is demonstrated with both ethylacetoacetate

" and cerboethoxycyclopentanones which are considerably slower than

acetone and cyclopentanone.

Biological model compounds

Table III-4 summarizes the exchange reactlons that were attempted

'w1th chlorophyll and chloronhyll derlvatlves.

The exchange reactlons that were attcmpted w1th chlorophyll a and

:chlorophyll derlvatlves generally were unsuccessfule The ploments are
unstable in ba51c solutlon and the magne51um is removed in ac1d solution.,

'“However, those compounds for which there were stable exchange condltlons _

were quite resistant to hydration and excnange, The reactions were

. carried out under much more vigorous conditions than the model compounds,
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TABLE III-4

- Exchange Reactions of Biological Model Compounds

Compound

Acid

Base

Chlorophyll a
Pyrochlordphylllg

Pheophorbide a 'f

ijropheophorbide;g N

Pheophytinization in HCI1.

No incorporation in 10%

HOAC, 66 hr.,

Pheophytinization

. No incorporation in .1 N’

HC1 in THF; 1 day at 659

Incorporation in .01 N

" HCl in THF; 1 day at 65°.

Decomposition

- No incorporation

in piperidine

1 day; 65°

Decomposition

* Decomposition
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2-vﬁSing témperatufesgof 6S°, For thejacid exchange reactions it appears
 a that:fhe large aromatic ring of the porphyrin nucleus has considerably
| -décreased the reactivity of the Cg carbonyl beyond that of any of the |
_ modeIZCOmpounds. The'large difference in rate of hydration between
- chlorophyll a and carboethoxycyclopentanone is further evidence that.
. cyclic beta ketoesters are extremely poor models for the ring V struc-
ture. This disparity has been noted previously in the keto-enol equili-

37,47 .

brium, in the rate of exchange of the hydrogen in the 10 p051t10n,]9

-in the iﬁyersion of the infrared stretching frequencies for the carbonyl
36,48 and in the difference in solvent effect5037_
- From the results of the ketone exchange reactions 1n basic solution,

it was expected that the simple ketone derivatiVe of chlorophyll a,

,fpyrochlorophyll would show some exchange reactlon under these strong

" conditions. Steric hindrance of the two ClO hydrogens is no oreater

. than for indanone, althougn the electronic effects are considerably
~greater. Nevertheless, there is no obvious reason for such complete

lack of reactivity of the carbonyl group, It is, however, clear that

-, .. the isocyclic carbonyl oxygen atom would be stable to exchange during

the course of any normal isolation procedure from the biological material..
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CHAPTER 1IV. OXYGEN 18 EXPERIMENTS WITH CHLORELLA

. This report is concerned with a series of in vivo experiments in

which the green algée Chlorella pyrenoidosa is allowed to photosyn-

thesize in oxygen 18 enriched water in a Warburg apparatus such that

oxygen evolution can be measured, the gas analyzed for 018, and then

'*vithe chlorophyll extracted from the algae and also analyzed for oxygen

18 chtent, Etten51ve work on the exchangeablllty of tHe carbonv1
functions of_chlorophyll put forth evldence to show that during the
eXtraction procedureS“tO“be'presented here there will be no re-exchange

of any'oxygenhls which may be incorporated,

Methods of Analysis

The methods of analy51s rev1ewed nrev1oasly in Chapter III 1nd1-

-1 1sotope shift in the 1nfrared for oxygen 18

ceted that the 30 cm
”alabeled carbonyl functlons was the most sultable technlaue for the
:model compound study. Howevere it was thouoht that a second method,

- whieh wesisenSitive to small amountguqf.1§otope"and“wh1chwwas quant1~

. tative, would be more valuable for the biological experiments in

‘which it is necessary to know absolute amounts of incorporation.

L Forethe model compound experiments, the infrared technique was satis-

18 enrichment was very high (~50%) and quanti-

. factory because the O

tative results were not necessary; although in several cases where it

g was fea51b1e9 results that could be examlned w1th mass spectroscopv
were analyzed and found to be in agreement with an infrared estimatioﬁ

" of the amount of incorporation. Assuming fhe'C.= O18 molar extinction
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toefficient is the same as that for C = 0163 it was found that the

compounds were labeled to nearly the same extent as the water.

Mass spectroscopy was also tried with chlorophyll b which had
been'labeled in the CZ aldehyde position. It was assumed, on the

basis ofithe previous model compound work, that chlorophyll b would

also label to the same extent as the water; thus, chlorophyll b

labeled in the aldehyde p051t10n with 95%, 50%, 10% and 5% oxygen 18

enriched'water were examined in the infrared and found to contain

- approx1mately that amount of oxygen 18, These labeled compounds

. were then analyzed by various mass spectroscoo1c technlques.

Several attempts were carried out to make a direct analysis of

.the chlorophylls in the high resolution instrument with a direct inlet

system.* However, the results were useless; As other investigators
49 >0 an»interpretable spectrum cannot be obtained with

the means available. Thus it was necessary to attemnt'several pyroly-
sis technlques convertlng chloroPhyll to COZ, whlch can be readlly
analyzed |

For the adrpoée of chlorophyll analysie, pyrolysis introduees

'an 1nherent llmltatlon, because chlorophyll a contains 5 oxygen atoms, ..
“and chloropnyll b contains 6 oxygen atoms; thus, you cannot soec1fy
: lfvthe p051t10n of the 1ncorporat10n, ‘as in 1nfrared and there is a

‘ ‘".large dilution factor Wthh consxderably reduces an ability to analyze

viexcremely mal l amounts of 1ncorporat10n, That is, if there is 0,5

]

7 atom % 1ncorporat10n in one. carbonyl functlon, the CO Wthh is ana-

2

?lyzed will have only an’ incorporation of 0.083 atom % in excess of

%Analyéeé.atteﬁpted by A;'Burlingame in the Space Sciences Laboratory.

S

o e e e
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- the natufai:aﬁundance.of .204%, Thus, this method begins with an
important limitation in case tﬁe incorporation is smalinl'This be-
comes alsignificant problem because in the pfoposal of the photosyn-

15,16

'thetic unit it has been postulated that only: one of every two

" hundred chlorophyll molecules participates as an .active site, In
'dthis case, the maximum amount of incorporation to be expected-would.be
:VC,S atom % if the experiments were carried oué,in pure H2018°’ Despite
t.these.iﬁitial limitatiens9 a series of analyses were completed.
Ceneral.methodé for the analysis of organic and. inorganic com- "

" pounds include those of Rittenberg and Ponticorvo,51

and Anbar and
Guttman.”% The prbcedure of Rittenberg and Ponticorvo requires‘that

the'sample be'pYrolyzed for several hours at 400°C in a sealed tube

, ,,'containing'mercuric chioride. The tube is then opened on-the vacuum

line and the hydrooen chloride is removed by distilling the gas mix- |
diture throuch a column of 5,6~ dlbenzoqulnollne 1nto another tube’ 1mmersed

in 11qu1d nltrogena This tube is sealed and then opened on the mass

. spec 1n1et system,. Anbar and Guttman used the additional reaoent

~'<mercur1c cyanlde (wnlch is necessary as a carbon source when water is
xanalyzed) and 1nstead of tne qu1n011ne column» the gas mixture was

B distilled 1nto a tube containing a 21nc-mercury amalgum ThlS tube '

is sealed~and-then-heated at 200°C for two-hours,-,TheAcontentS¢are¢,:r.t
'Athen analyzed,on fhe‘mass spec, Variations df'these general methods

' were also carried quﬁ_by changing the source'of reagents; emounts of

»;dreagents.and sam?le size. It was also possible to eliminate the vacuum

1ine step”in which the HC1l is removed from the pyrolyzed gases by

' ‘onenlng the scaled amooule in a glass tube containing silver sulfate

'whlch is attached to the mass spectrometer, Th1s not only saves time
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:{“‘but aleo_reduces the possible loss of sample in the Vacuum line tran-
e sfer,' It appears to be eqaally as reliable as the other methods, as
| seen_fromfwater analyses. In general, there was no improvement in

_the results with any particular method. The results for chlorophyll b

were routinely 60 to 30% low and the scatter_was extremely large. The -

best results obtained are illustrated in Figure IV-1 for two series of
analyses in which various chlorophyll b sample sizes were used. The

methods for the two series are slightly different; one is with HgCl2

and the other is with HgCl2 + HgCN2 It was concluded, after 30-40

samples had been analyzed that these pyrolysis technlques were not
appllcable to chlorophyll analy51s. Similar difficulties have been

1°3 and with quinones, such as vitamin K.S4

encountered with pheno
" For some unknown reason these few.compounds do not show accutate re- -
sults when analyzed by pyrolysis. The oxygen 18 content of vitamin K

- was finally determined by cracking and analysis of the CO released.

f - However, this is impOSsible with chlorophyll because the largedamount

ZL'i“of nltrogen 1nterferes with the ‘carbon monoxide peak

The unsuccessful attempt at a quantltatlve analysis through masea'
spectroscopy necessitated improvement in the detection of oxygen 18
"l'v1a infrared, at least an improvement . in sen51t1V1ty, even though the
VJ method could not be quantitative, This was - flrst attempted by taklnq'
lthe dlfference spectra between labeled and unlabeled chloropnyll b -
-ifv1th varlable path length cells, . This was unsuccessful because the

cells do not hold organlc solvents for a suff1c1ent perlod of tlme

- (10-15 minutes are_needed). A more:sen51t1ve analysis was accomplished B

| By uslng a Beckman IR-9, which has a scale. expansion unit (the intrument

o belqnging ’co:Dic'kaiamonds LRL, Bldg. 70):rathef than the Beckman IR-7.
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f;.This scale expansion unit allows any part of the absorbance spectrum | ‘
to be expanded approximately ten-fold. With this attachment to the

uinfrared; it became possible to detect as little as 1/2% oxygen 18 in.

'H‘;:'a peak at 1635 cm"l, which is the area where the C = 018 stretching

"‘4'phy11 a would be expected. In Figure IV-2, the peak at 1635 cm ™ is

Vv;frequency of chlorophyll.é;would be expected (see Figure IV?Z). Since
it was never possible to label chlorophyll a in the carbonyl group-of

018 was carried

~ the isocyclic ring, a test of the limit of detection of

out using a mixture of chlorophylls a and b. The aldehyde function of

vchlbrophyll gnaBsorbs.at 1635 cm"l, which is where the C = 018 of chloro-
e v )

1/2% of the peak of the chlorophyll g_isqcyclic ring cafbonyla' This

allows an approximate analysis of a very small amountlof oxygen 18 and

~ the position of incorporation, although an exact amount cannot be deter-

VAmined since the molar extinction coefficient canhot be determined. In

the model com?ound study it was assume& thét the extinction coefficient

- is the same for oxygen 16 and oxygen 18, although previous discussion: |

has made it clear that this is not necessarily true,
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Experimental

_ Warburg Procedure

. Three”hundred.cc of the green algae Chlorella pyrenoidosa were

taken from a tube in which they were grown under low light intensity.

-~ The algae were centrlfuced in the International Centrlfuce for 10

minutes ;E 1700 rpm, and then resuspended in 10 ml of bicarbonate

30 pH 8.7). This tube

i$: centrifuged for 10 minutes at 3000 rpm, yielding 1-1,2 ml packed

media’ (5 ml.0.1 M Na,QO, and 95 ml 0,1 M NaliCO

. cells., .
The‘algae are then resuspended iﬁ.S»ml of oxygen 18 enricﬁed
media, The media was prepared 12 hours preceding the experiment by
: weighing’out 2.6 mg Na,CO, and 40 mg NaHCO3 into a serum bottleo To
this is added $ ml of oxygen enriched water for which the high deu-
- terium content has been normalized to less than 0.1% D. The medium
v'iS'pneﬁared ahead of time so that the carbonate may become labeled to

. 4 . .
- the same extent as the water, such that if any oxygen 18 is incorporated

" in the chlorophyll the amount of enrlchment in the water would not be

- diluted by a slow exchange with the carbonate of the medium.

_ The algae suspen51on is then qu1ck1y transferred to a snec:ally
':_de51gned Warburg flask, to which is attached an evacuated gas tube
with a stopcock connectlon, such that at the cnd of the oxper1mcnt a J
| sample of gas may be admitted to the evacuated tube, and this sample
analyzed in the ﬁass'sbeCtrometer to deterﬁine the amount of oxygen .18 L
-.evolved during the expefiment. The Warburg. flask is round, with an o

2

‘v'area of 63 cm®,. such that the algal suspen51ons whlch has a very hlqh

“Aoptlcal den51tys can be spread very thln (O 1 cm) The flask is
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-‘ja%io&edito equilibfate'in the 20°C water bath for 15 minutes unﬁil the
‘menemeter:has reached an equilibrium value and the algae are respiring
n‘at a.very-slowfrateo- fhe lights are turned on to an intensity of 4,000
foetcandles and the algae allowed to photosynthesize for 45 minutes,

’The'manometers.are read every 5 minutes (see data in Eigure IV-3)., The

'1igﬁtsAare turﬁed‘off, a sample of the gas admitted to the evacuated
tube, the manometers and flasks rapidly removed.from“the_water bath9
and the algal suspension pipetted into a freeze-dry flask immersed in
liquid nitfegen.e This procedure takes approximately 2 minutes.‘ The
flask is placed on a small freeze-dry apparatus attached to a hlgh

‘. vacuum line, in order to recover the enriched water.

. Pigment Extraction and Purification

 The water-free algae are then placed in a Vertis blendor flask to

:-‘.which is added 5 cc of finely powdered glass, 5 cc of glass microspheres -

: (210~ -297 mlcrons)9 and 50 cc of acetone° The Vertis 45" blendor was “
;operated.at a speed of 20, suff1c1ent to keep the algae and added |
material grinding for 1-1/2 hours, |
This»procedure was the only methed found suitable for extracting

pigmente'from lyophilized ceils, Chlorella pigments can be extracted
. by :lysing witthrgani; solvents if water is.ﬁresent, but the pigments

. are not freed in non-aqueous soivents° Thé addition-of water to the
Iyophilized celiSjwas of only a litele aesistanee in freeing the
-1pigments. v -
- The'aeetene eolutiqn of extracted pigmenté was filﬁered and eva-
' pofated,_ The pigﬁents were redissolved in 4 ec,of acetone and 1 cc of
. water, aéplied'to abpowdered polyethylene column, and purified aceordingr

23

to the method of Calvin and Anderson. The eluent containing the

y
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.Chiorophylis is'evaporated, redissoléed in 200 ul of acetone and 2 mls
of isooctane (2,2 4-trimetny1 pentane),.anplied to a powdered sugar
_column9 and the Durlflcat101 comoleted accordlng to the above mentioned
procedure, Very llttle chloroohyll was obtained,’ and attempts at re-
crystallizatlon proved that too much valuable plgment was lost. . Thuss

*e'picments were carefully water washed while in an ether-acetone

:_ solutton and the etﬁer evaporated A v151ble spectrum was. then taken

‘:‘and the amount of plgment (ether: Chl a 6428 =8 X 104 : Chl 2_6453 =
-15 x 10 ) was determlned by extinction coefficient. The pigment was

.dissolvedfin.freshly distilled tetrahydrofuran and the amount of oxy-
: gen 18 ineorporated.was analyzed on the Beckman:IR-Q in 2 1,0 mm path—

~ length barium floride cell. .

" Oxygen ‘18 Enriched Water Analysis

Water analyses followed the method of Anbar and Gutt‘man.52 Sample
'tubeq with a constrlcted neck were made and drled at’ 200°C overnlght to
) ensurewthatfallnthe“molsture_was removed° A 10 ul sample of water, 100 mg
. mercurdc:cyanide and 100 mg_mercuric chloride (whlch ‘had been sublimed

and stored’in a dessicator) were placed in an ampoule which was eva-

‘”.,;cuated and sealed Tne sealed tube is heated for 2 hours at 400°C and '

then opened on a vacuum line and the volatlle contents condensed by
;cool1ng with llquld nitrogen into a second tube‘contaln;ng 2 grams of
saturated zinc amalgum. After pumping offithejnon—condensable gases,
- the second tube is sealed and heated fot éwﬁéufé at 200°C. This treat-

. ment removesiimpurities including HCl9 HCﬁ_andloyanogen, leaving purified
f CO2 for analysis in the mass spectrometer. o . .
The zinc amalcum ‘obtained from commerc1al sources was. found to re-

lease con51derab1e.quant1t1es of CO, durlng_the”procedure, and was not
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- mercury with zinc'granules for approximately 12 hours.,
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The zinc amalgum can be made by refluxingf

A liquid paste'

'-vwill be formed and can be pipetted into the constricted tube.,

The atom %

- following equations:

56

51 to 99% = 100 (:‘ T955 7.6 E+D  E- %%%%_

. to 53 i -'44)2%45) %) Y e .0

I o_. 'Z[S-W—""'IJ v (44)

| | ‘ o 8)

. : fB (44
6 to ,506 © 208+ L0278 FA . ’

P (48)

E N\
T.96+ E + 1.02 DT) L

:.'Analy51s of Oxygen 18. Mlxture

of oxygen 18 incorporated is calculated from the

- (0.011 + %a B

,011

- on [_(_4_52. )

Lo U

(23) ‘..011 (3%)

(48)

The change in gas pressure 1n the Warburq Vessels 1s measured w1th '

the mlcromanometer, these micromanometer. readlngs then can be converted

1nto pmoles of oxygen.releasedB after correction for changes in the atmos-

pheric pressure measured according-te'thp thermobarometer flask, The

by Unm bxlet, and .the flask constants. calculated

Vg =
Vg =

CVE o=

“Po- =

55

volume of gas = 242.7 cc.
1238.6 cc
‘volume of fluid. = 6ml

_Brodie's manometer fluid constant

- 10%

- . flask volumes. were measured aCCOlenU to ‘the mercury method rccommended

(44)

| -



T = 20°C

o = ;0.031 for 0, in Ringer's solution
Teoo e 273%K -
Cr2. o Vg T +VE (o)
ko> = (for algae flask) = 22,638
::'koz ‘= (for thermobarometer) = 22,259
‘umoles-oxygen evolved = h (manometer reading)'x'koz / 22,4
.-'Zﬁmoles oxygen evolved in algae flask = h x 1.01

'f,Frqmlthese equations the amount of oxygen given off during the period
’ bf'photosynthesis can be calculated, The amouﬁt of the gas which contains -
oxygen 18 is determined from the mass spectrum, according to the following

'fl équations;tﬁrackets designate the peak height of that mass number):so

o e By
8 e o - 100 ¢ 2(36) + (35) + (34) -0.25 (32)
 concentrations up to 50 atom % = T L I IR E (30 (35) ¢ (36)

o Lo T (35)2
100 ¢ 2(36) + (35) + (34) +0.25 (36)

i

’toncentratioﬁs‘ofisi.to 99% A RO E RGN CIERC)
4"“~These ééiculatiohé_will n&t directly leaﬁ to the ambuht of o&}gen'ls Te-
ieased by the algae, since the gas'mixture which is anaiyzed contains |
both the air in the.flask before phdtosynthesis and.thaﬁ oxygeﬁ which is
”reléased. Thus, a dilution of the.photos§nthetic'oxygen occurs which is
accounted .for ih the following way. Tﬁe totalxgas.volume of.the flask
is known, andlﬁheinumbef of moles of.oxyggnvevolvedvis calcu;ated from

¢ the micromanometer data. -The amount of QXygen,in the total gas sample
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o  more chlorophylla

~55

: enalyzed is determined from the mass spectrum by simply taking the oxygen
- peaks as a percentage of the total spectrum. This can be done for the
B algae fiask and the thermobarometer, such that the values obtained for

" the thermobarometer.gas mixture are assumed to be the values for the

algae flask minus'the'photosynthetic oxygen. Thus, the amount of oxygen

in the flask before\photosynthesis can be calculated, added to the total

amount evolved, and the atom percent oxygen 18 which is evolved.can be

calculated:‘

own

ot8 @ﬁ'_evolved) + natural o8

‘abundance

0

s

" Culture of Chlorella

57

The'chloreila Waé grown. in modified Meyers medlum at pH 5.3, with

_carbon dioxide constantly bubbled through. The density was controlled

- at 0 6% v/V.

Because a large amount of chloronhyll is requ1red for the 1nfrared

“~‘ana1y51s, and it was: not de51reab1e to increase. the volume of enrlched
'*,;water for the algae suspension. used in these exoerlments, it was neces-
sary to 1ncrease the chlorophyll. content of the Chlorellao It has been _

" shown that the plant comnensates for a low 110ht 1nten51ty by generatlnq

>8 Normally thc Chlorella is cultured in lqng cylin-

Jdrvaal tubes illuminated. by fluorescent 1amps. The lamps were removed
. one at a tlm.es the algae given an opportunlty to adjust to the reduced
. light 1nten51ty, and then another 1amn was removed, This process was
‘eivcontlnued until the Chlorella would no longer respond to the reduced
 '1ight iﬁ£ensity an& would ﬁot maintain'the usual turnover rate.of appfoki»

. ..mately 16 hours, It was found that with 4 lamps the'algaé’ShOWed a good
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turnover rate,_;The chlorophyll content was almost double that with 8
lamps. The amount of chlerophyll extracted from 300 cc of culture was

sufficient for the infrared analysis,

Results

The resuits‘of*the biological experimeﬁts using highly enriched
water are summarized in Table IV-1, 'Numerous‘experiments were carried
_oﬁt_with non-enriched and slightly enriched water, in order to.perfect
the,procedure. Since there was no,sighificant difference in 0, evolu-
fidn, gmount:of chlorophyll extracted, or gas analysis between_the -
’:highly-enriched and slightly-enriched water eXperiments,.they are not
reported. in detail. | | ‘

It is apparent ‘that. suff1c1ent water was ox1dlzed .such that, if
o the‘Carbonyl functions nart1c1pated in the water splitting reaction,

they would. have become highly labeled.

- The infrared spectra in Floure V-2 demonstrate tHat no oxygen 1is

'_' 1ncorporated in the C9 carbonyl of chlorophyll s Both in the absence

‘and presence of pnosphate, the infrared spectra did not show any evidence
; ‘for elther chloropnyll a or chlorophyll b 1nvolvement in the water

| spllttlng reactlon or oxidative nhotophosph,orylatlon°
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TABLE 1V-1

v"Results‘of oi8 Biological Experiments

11

-‘moléS'of chlorophyll extracted

I
. 1,018 018 + 1o, 18)
1. Cell pack, nls 1.3 LIS
"-'H'"Zo'ls, aton 5 0'8 508 47%
3. PO, 95 atom 3 O'° " None 0.02 M
'.Totai:umoles‘evélvéd & . 191 204
: - - (see Fig, IV-3) . . '
5. Gas Analysis: S -
© Algae flask: 3 0, 18,6 18.9
' Atom % 018 7.4 6.3 |
Thermobarometric % 02- 17.0 17.2
_ 6. Total umoles 0218‘ | | ':-._'147" s |
7. unoles 1,01 oxidized 208 249
. Chlorophyll extracted: 17.7 ﬁg -l 14.4 mg
: i Chlorophyll a ' 15  ‘ 12
' Chlorophyll b 2.7 2.4
9.if ﬁoles_of H20;8 oxidized / A - -
S - 4.8 15.5
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CHAPTER V, TRITIUM STUDIES WITH BACTERIOCHLOROPHYLL

In the orevious chapters, evidence has been given for a lack of
chlorophyll a participation as a hydrogen transfer (or a water splitting)
agent, In these'studies, the chemical mechanism involved a reversible
| oXidation.and reduction cycle, centered on the 7,8 positions, the delta
hydrogen, fhe'ring N ClO hydrogen.and the Cq carbonyl, and the Cz'car-
“bonyl of chlorophyll b, | | |
In this chapter, the notion is introduced that the 3,4 positions

:30f rlng II are. photosynthetlcally 1mportant° If this is true , then in

1fﬂ the oxygen- produc1ng green olants and algae, which contaln the chlorln :

.type of.plgments, it is possible that chloyoghyll is reduced and then
_~oxidized in the'S 4 positions, In. the anaerobic ohotosynthetic organ-

‘. isms, such as the purple bacterla9 Wthh contaln reduced chlorin pig-

L ments the bacterlocnlorophyll could be ox1dlzed (see Flgure 'V-1) and

"then reduced in the 3 4 p051t10ns as shown in the following scheme for

Ffﬂaiz hydrogen'transfer:

3 / ] TNy - VA e \/H
, /ﬁ {’—ﬁMZ[H] ‘_j Y\ yd \\R

T2y

'The immediate 1mpetus for such a proposal came from the work of Holt,
o et al. al 59 and Olson and Romano,éq who demonstrated the. presence of both

uchlorln and dlhydrochlorln plcments in the green photosynthetic bacteria,
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Chlorobium, ThiS'pfoposal cannot be tested on the green algae, since

the chlorophyll is isolated in the oxidized state and would not contain

. the photosynthetically important hydrogens. However, with anaerobic

‘-‘purple bactériaB the bacteriochlorophyll is isolated. in the reduced .
state andiéhangeS"inithe'S 4 positions cén be‘evaluated © The recent
:ydlscovery of the spec1f1c oxidation of bacterlochlorophyll61 in the
3, 4 p051t10ns using 2 3 dlcnloro 5, 6 dlcyanokenzoqulnonc converting

the dlhydrothor;n to the chlorln, makes it possible for us to deter-

- mine how much of the incorporated tritium is in the 3,4 position.

In the present investigation, Rhodospirillum rubrum is allowed

vto photosynthesize in tritiated media for 15 minuﬁes.' The bacterio-
chiorophyll.(BChl)vis extracted, purified, counfed and then’selectively
-j oxidized in the 3,4 positions to form 2-desvinyl-2-acetyl chlorophyll a
. (OxBChl) (see Figure V—l)o61 .The oxidized_pigmeﬁt is purified and

'Counted and in this manner it can be determinéd whether or not the’

' ‘radloact1v1ty is spec1f1cally 1ncorporated in the 3,4 posrtlons° An

L attempt was made to dlstlngulsh photosynthetlc and biosynthetic 1ncor~'

‘t poratlon by taklng bacterla which had 1ncorporated tritium and resus-

(-'P>pend1ng them in non-tritiated media for an equal period of 1llum1natlon."

-The‘question'of biosynthetic versus photosynthétic incorporation is .
;discussedvat~great'length;*‘A“mechaniSm is'nropOSed for the involvement.
- of the 3,4 posxtlons of bacterlochlorophyll in the nhotosynthetlc de~

composition of water.'
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' Experimental

_Materlals .

|  The acetone, methanol and ether were Baker and Adamson reagent
grade and were used without further ourlflcatlon. The isooctane
(2,2, 4 trlmethylpcntane) was Phillips 76 high prade. Polyethylene
used for chromatography was a low melt index (M.I;_O,444) and the
. mannitol was Baker\and'AdamSon reagent grade. 2,3-dichloro-5,6-
benzoquincne from K&K laboratories was recrystallized.61

Thln layer chromatography

A suapen51on of 25 g of powdered polyethylene in 125 ml of acetone

| '7~wére mixed in a‘blender, spread without binder 0.25 mm thick, and

;%dflfellowedutofdry at‘xOOm temperature. The mannitol plates6Z were pre-

pared in an identical manner using 65 g in 100 ml of acetone and 1 cc

" of a solution of 5gof corn starch in 10 cc of water.

Procedure -

Rhodospirillum rubrum (R.7. ) was cultivated dnaerobically at 31°C

'dsln small batches of 125 500 ml using modlfled Hutner s lnedlao63 After
l.'a de51gnated perlod of growth; the bacterla were ccntrlfuged in the
~Internatlonal Centrlfuge at 3,000 rpm for 20 mlnutes resuspended 1n
"12 ml of modlum and contrlfuged The‘wet pack of 1.0 to 1.2 ml was
suspended in medlum to make a total_of 6 ml‘of suspehsion,‘ For‘each
»‘single experiment,lO;S to 0.6 ml wet peck in 3‘ml of suspension_were
lt_placed in a small lollipop (flat celliofls,mm;pathllength), to whicﬁ'
' ﬁas.added 150 or 200 ul of THO, such that_the finallsuspensioo con-
tained 1.64 or 1.52 x 1072 mole & T, whichiis equivalent to a molar', 

' fspecific}activity of 1.09 x 1013 or l,OZ_xlO13 dpm/mole, (0.92 or -
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0. 86 curies; the second figure pertains only to the final experiment
'1nvwh1ch a fresh THO sample had to be used). In double experiments,
bﬁlﬁlbof'suspensien were‘used and placed in a larger lollipop of the
"-same thickness as the Small one (5 mm), with the appropriate amount

~of tritium added. -Nitrogen was bubbled through the solgtien to stir
_ the mixturea and the lollipop was illuminated from both sides with a
total intensity of 23,000 foot candles of white light at the surface,
The beeteria were allowed. to photosynthesize for 15 minutes.

| In the firstetwo experiments.the soiution was run into a bac-

terial filter attaehed.tora.vacuum 1ine.t~Therlollipop was thoroughly
washed with water and the bacterial filter rinsed ahd sucked dry.
' Fdr the remainder of'the‘exneriments the bacteria were separated by

- centrlfugatlon for 10 minutes in an Internat10na1 Clinical Centrlfuce.'

" The wet nack was resuspended 1n media twice more and centrifuged. By

e the third wash tHe supernatant contalned a maximum of 0. 2% of the
”orlglnal trltlum, For experlments 4b Sb 7c, and 8c,. the wet nack
was resuspended in 3 ml of media and photosynthe51zed for an additional

15 minutes: in the absence of tritium, The work-up procedure was then

'.-.the same as for the other sample, During the experiments in which

there were three parts (a, b and ¢) care was taken that the same tlme_
' intervals ‘elapsed between centrlfugatlon and photosynthesis. This
ensures that any physiological effect of the separation procedure énd

. the period in darkness weuld‘be the same.

| The extraction of the pigments, and all.further work, was carried
outfin a‘dark reoﬁ'under orange light from a 15 watt bulb, The asbes-

-tos-mat filter was removed Erom ‘the bacterlal filter holder, torn anart,

/ ~t suspendediln acetone9 and the solution flltered. The mat was washed
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untii it no longer contained any pink coioring, The bacteria obtained
from ceotrifugation were suspended in acetone and allowed to stand for
B a few minutess The cell debris was filtered off and Qashed with

"several‘aliquots of'acetone...'

The acetone extracts were transferred into ether and washed with
ater several times to remove all readlly exchangeable tritium. The
‘:fplgment extract was then evaporated and dissolved in a small amount of

“acetone for spottlng on powdered polyethylene thin layer chromatogramsc

The blue spot, which is bacteriochlorophyll, (Rg of 0.27 in 70:30
‘h acetone water) was: scraped from the plate the plgment dissolved in
-acetone the- solvent evaoorated and the bacterlochloronhyll redissolved

Tln 1ml acetone.' An allquot was taken. for a V151b1e‘spectrum-on a

- Cary 14 spectrophotometer, and: ‘the bacterlochlorophyll concentratlon

~ was determined from the absorpt1v1ty at 770 mu (5770 6.8 x 10%

'**f_ l/mole/an Two aliquots were taken for countlng on a Packard 11qu1d

V isc1nt111at10n counter.
The remainder of the materlal was ox1d12ed u51ng 2,3~ dxchloro~

‘“5,6-d1cyanobenzoqu1none, according to the procedure developed by

" Lindsay Smith.%! ‘The oxidized pigrent was purified on mamnitol TLC

1}f with-Z% methahoidin'isooctane; The maindgreehjband, 2-desvinyl~2- ,f
' acetyl chlorophyll é, has athf‘of 0.40 and is occasionally foilowed‘
'o'byptwo shall bands of lower Re. The main spot was removed and eluted
with ether, the solvent evaporated,:and the oxidized.pigmentbredissolved ‘
- in 0.6 mllof acetone, from which aliquots were taken for adspectrum_

”13 (3678 6.4 x 10 1/molé/cm) and counting.
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hesults
'“ZThe resultsvof seven experiments are Summériied in Table V;l.
These experimenté_indicate that the tritium which is incofporated is
lafgely 1oeéted in the 3,4 positions of bacteriochlorophyll (last
eolumn, Table V~1); and that for 4 day old bécteria; from 1 to 2.7%
of the bacteriochlorophyll have been labeled (colum 7 of Table V~lj.
A dark cohﬁrol.experimeﬁt showed less:than 0.03% incorpdrationo Sinee»'

10 that the final steps.invthe biosyn~vA

it has been proposed by Jones
’ thesiS“of'bacteribdhlorophyll ihvolve reduction of’thevII‘pyrrole
».ring‘iﬁ.the 3,4 peeitions, the question then is whether this photo
induced tritium 1ncorporat10n arises- from a CYCllC reactlon as a part

of the photo:ynthetlc functlon or is due to unldlrectlonal biosynthesis

| _of new bacterlochlorophyll.

= Rate of Photosvntheals and Bacterlochlorophyll Synthe51s

The p0551b111ty of determlnlng the rate of photosynthe51s or

o growth rate of R, rubrum is comnllcated by the fact that there is no

;wigas exchange for a . ready measure of the- evolutlon of photoproducts as
fln the oxygen 18 experlments. Double labellng experlments are pre-
h~car10us, since llttle is knowh about the. metabollsm of the substrates
upon whlch the bacterla grov, 65 The method employed in thlS investi-
} gatlon 1nvolved measurlng the increase in the spectroscoplc maxlmum |

- at 880 my of 39,z&xg'baeterlochlorophyll with respect to tlme (see
Fieurth-Z}; thiS'waS achieved by removing aiiquots from a dense sus-
:pen51on of 4 day old pnotosynthe5121ng bacterla and taklnc dlfference
spectra with .a sample kept in the dark. VThe‘ig_Xizgjextinction co-

" efficient (eggg = 188 x 10° 1/mole/cm) was found from a comparison of




ATABLE.V-l. Incorporation of Tritium in Rhodospirillum rubrﬁm5 ,

EXp, Water R.r, age = Blil Non-tritiated Effect of % ot theor, Ox. BChl % T lost on

No. Days dom/mole  retention centrifugation incorp.® = ‘dpm/mole oxidation
S T R ) - T | 5 b
2 . THO. 4-6 - 2.0x10 o - ns - 1,5x010 90°

3 om0 a6 Lot o 16 3.2x10'0 11sd
S S Saaplz e 12 e
4a - THO 2 2 9x10 _ : 5 27 7.1x1055 --

b H 2 z.oxolz o 878 24 a0l L
s omo. 4 soaotloo o gy, 5x1018 81,6
b HO . 4 S 2.4x10°0 D TR : 2.2 5.9x10 75.2
6 H,0 4 T S [ . -
| RO 4 7,800 - 265 of Sa G710 3,1x10 96.0
R Seocboee 0o 308 of Sb s S . |
7a HO 4 TR S -— ! -
o 4 1,410, 127% of 7b 1,29 2.0x1013 85.8
7b THO 4 _1.11x10%i S lage€ B 1.02 - 5, 13x1010 95,4,
7T HYO 4 2.04x10M g 1.87 . - 1.27x10" 106, 0°
8a - H,0 3 O A S -- R o ==
o 3 8. 57x10ii-' - 1233 0f 8b . 8.4% 3, 14x10%é 62,4
8b THO 3 6,95x1077 + ge gy 6.7%,  5.05x107 106,74
8¢ H0 3 5,26x10° 100 5.2 8.74x10 83.4

2 patio. of specific activity of BChl to specific activity of water° Assumlng all 3, 4 hydrogens are labeled to
the same extent as the water, the BChl would contain 1. 09 X 10 dpni/mole.
211,02 x 1013 dpm/mole. _
> The BChl was over oxidized and gave several green plgments. This flaure represents the total for all green
pigments,
¢ Thelamount of tritium in the second step 1s greater than the amount started with, and is probably due to con-
tamination or a volumetric error.

d Bacterlochlorophyll was not completely oxidized, -and samples had to be corrected Eor counts due to BChl,
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‘ Figti_re V-2.. Rate of increase in bacteriochlorophyll in R. rubrum,
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the absorptlon of in vivo bacterlochlorophvll at 880 my with that of an

R ,equlvalent acetone extract at 770 mu, From the rate of increase in the

bacterlochlorophyll absorption maximum it was calculated that new BChl
“'was:synthesized,at the rate of 6.0 x 10"9 moles/1 (dense suspension)/sec;
ithét(is, for the 15 minutes of illumination, an increase of 1.3 moles of

fjs bacteriochlorophyll.in'a suspension containing a total of 4.14 x 1074
“moles/l,.‘From the-rate of synthesis of new bécteribchlorophyll, theu'

" rate of photosynthesis was calculated. The ratio of bacterioc&loro¥
. e

B "phyll to dry weloht of bacterla was determined to be 1 6 x 1077 g BChl' !

. per.g dry weight bacterla9 a value which remains qulte constant as seen-

‘i‘:'bv the’ parallel increase in turbldlty (x 650) and BChl absorptlon

:: durlng no*mal growth (Flgure V-3)3; the dry welght of the cellular
»3'materlal was tqen expressed as moles of CH O by using an average mole-
cular welght of 30, ance the ratio of BChl to dry welght of bacterla'
o (CH O) remalns constant the 1ncrcase 1n new bacterlochlorophyll is

equlvalent to an increase of 1.3 x 10 2

molecules of CHZO/sec/molecule
of BChl. For the 15 minute perlod of 111ummat10n9 this is equlvalent L

",to 11 two-hydrogen reductlons accompllshed per molecule of bacterio-

'; 'chlorophyll starting from €O, ...

These calculations are not 1ntended to be a rlgorous descrlotlon
-of the phy51olocy of the organisms under scrutlny 51nce, as stated

prev1ouslv the means are not presently developed for such purpose, -

... However, the 1ntent10n was to attemot a gross apnrox1mat10n of the

cellular processes. As can be seen in Floure V-2, the data from Wthh '
" - these calculations were made show considerable,scatter, and the total
_change in 0,D. is only 1%. A 1% error could easily be expected con- ﬂ

| sidering the small volumes.used (150 yl) and the fact that difference
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_spectra were taken on a 0 to 0.1 slide wire oh the Cary 14 spectro-
photometer. These results appeared more doubtful since the slope of
'the line which was drawn, an increase of 1,3%, Qas compéreble to an
._1ncrease of 1. 7/ obtalned by direct spectroscoolc measurements follow-
rtlng the growth of a batch of R, rubrum in a dilute suspension, over a

(Fig. V- -3). -
period -of days/ It is unreasonablc that the orowth of a much older

. (4 days), extremely dense, optically strongly absorbing suspension

. should show'a growth rate nearly as fast as that of a culture which
is dilute, young, and optically transparent. This-iSvespecially im-

' portant since it was found that the'initielvdoubling time of R' rubrum -

Ih'cultures became 1onger when the suspensions were more dense66 (see
Table V-2). Thus it could.p0551bly be that Flgure V-2 renresents an -

unknown artifact which is being measured or is s1mp1y a larger experi-

- mental error ‘and not true bacteriochlorophyll synthesis. Although it '

TABLE V-Z

L ;Rate of Growth of R. rubrum as a Tunctlon of Cell Dan51ty S

Density ', .:'Deubling TimenihiExponential.Growth (hre)
1 . 12 | |
10 ’ 7.5
:‘ . B ) " ‘ - . - o 5.5

is questlonable, the snape of the curve could be 1nterpreted as a slow
- 1nduct10n for bulldlng metabollc 1ntermed1ates and then a short spurt '
of near normal maximum growth tapering off when the substrates are con-

sumed. If this interpretation is correct, then the information of
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interest;is thé.éiope of the.initial growth in the first 30 minuteé,
as seen in Flgure V~2,.. This represents a growth increase of 0,06% in’
'v‘bacteriochlorcphyll, and is equivalent'to 0.5 two electron reductions
'"j.‘of Coz.per'molecule Qf bacteriochlorbphyll duringxthe 15 minutes of
- photosynthesis. | |
From this discussion it appears that even the spectroscopic method

of détermining the rate of photosynthesis or bacteriochlorophyll syn-

:“.thesis is of no.use...The best ihterpretation.thatfcanﬂbe‘made.is4tohh.2.....h

‘say that the rate must be considerably less than a 1.7% increase in -

';_ bacteriochlorophyll, and i§ probably no more‘than 1%,

‘Biosynthetic Incorporation.

" Assuming all the tritium incbrporétéd is hioéynthetic in origin,
‘,the increase in bactefiochlorOthll by sfnthesis célculated froh the’
.amount of incorpdfation,'is 1. 6 molé $ (for exnerlmont #3 on 4 day old
'_,bacterla), which is con51derab1y larger than the increase in bacterlo-
chlorophyll by synthe51s dlscussed earller, as obtalned from spectro~

'scoptc measurements., Thus, from thlS comparlson it appears that the'

 tritium 1ncorporatlon is not blosynthetlc, ‘and that although the last.
' ;vsten in the blosynthe51s of bacterlocnloroDhyll may be reductlon of -
hl;fthe 3,4 p051t10ns thls is probably only sllghtly reflected 1n these |
_experlments. However, this conclusion is tenuous because it rests on -
the probabllstlc argument that the rate of. b105ynthesxs in the dense
iv» suspcn51on is less than 0,1% %y whereas thlS flgure is in fact an un- - :
. _""Ah . proven etperlmental quantlty |
R , The second argumcnt agalnst the 1ncornorat10n belng blosynthetlc
in origin rests on the ahseng¢ of blologlcal‘precursors_o If the in- .

‘crease in bacteriochlorophyll is 1,6 mole % as'détermined by the?tritium
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| “in the 3,4 positious, one would expect to find that amount of 3,4-

»dehydrobacteriochlorophyll (OxBChl) as precursor present in the bac-
teria, During the.separation procedure there was no indication of |

* the presence of additional plgments, in contrast to the Chloroblums9 60

" case where there is a detectable amount of<a-dehydro precursor. An

isolation of such precursors from Rhodopseudomonas spheroides was

64 with the aid of inhibitors to the biosynthesis

accomplished by Jones
of bacteriochlorOPhyll. Our attempts to identify the presence of a
- precursor as 2-desvinyl-2-acetylchlorophyll a by spectroscopic measure-

ments on crude acetone extracts of bacteria were unsuccessful. The

" .precursor (OxBChl) has an’ absorptlon at 678 mu9 which is in a relatlvely :'

, clear region of the spectrum of the crude extracts, although it is on
- the slope of the much larger absorption of the bacterlochlorophyll

’.'(Amaxl= 770) A p0551b1e explanation for our 1nab111ty to'detect the

': Drecursor as OxBChl is that the larger precursor pool exists as the

7f.2—hydroxyethyl pigment (see Flgure V-1) rather than the Z-acetyl com=
fpound ‘The 2- hydroxyethyl plgment 1s the’ Drecursor 1dent1f1ed by.
ﬂJores and could be converted to bacterlochlorophyll w1th the addltlon

of hydrogen occurrng only in the 3,4 o051tlons, The absorotlon max1mum

. of this compound is at 660 my, which is not a clear region in the spec- -

:f_ttrum of the crude extract of the’ bacterla and thus this earlier pre-
' fcursor cannot be readily detected
» From thlS dlscu551on, it apnears that the absence of ev1dence for
; the presence of acetyl precursor and the 1nab111ty to determlne the
: presence of hydroxyethyl precursor in crude extracts as well as 1ts

‘"fallure to appear on chromatography, is further negatlve evidence on

the possibility that the tritium incorporated is biosynthetic in origin.
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Thirdly,‘the conclusion that tHe tritium incorporation is biosyn-
‘thetic in origin can Bevquestiqned, since all tritium isotope effects
:rhave been neglected, Cenerally, the isotope effect from tritium in
an organic reaction is in the range of 6 to 20, and a more typical
4_ value is 10.67 There are several examples of enzymatic reactions for

".which isotope effects have been demons@rafed. Succinic dehydrogenase
- iﬁvolves‘a deuterium isotope effect,68 and uracil hydrogenase, which
ié é NADH linked enzyme, shows a cdhsiderable'isotope effect in tritiﬁm°
| Déuterium.iSotdpé‘effects have also been obtained with other NADH linked
~enzymes,§9 For thié'reason, one would expeét the rate”of'bacterio-
chldrdph§iiRsynthesis calculatedudirectly from tritium incorporation
'wrstudies to be bonsidgrably smaller than the éctual rafe;lfhat is, 2%‘
- tritium incorpqratioﬁ represents a 203 inéreése in_bécteriochlorophylie"
~This éonsideration further strengthens the argument that the source
: (  of the tritium is.not. biosynthetic, beca&se»ﬁhere caﬁ beﬁho douBt that
- 20% of a pigﬁent‘precursor would be Visgallyidetectéd, and that the
rate: of biosynthesis even undér the ﬁost ideal conditions never reaches

 this high a value,

Photosynthetic Incorporation

"On the other hand, if the tritiu@ in_bacteridchlorophyll is photo-
synthetic in origin, the causé of the low tritium incdrporation of 1 to
::"2.7% could be due to the fact fhat'there_is a tritium isotdpe effect
and that the actual rate‘of electron tﬁrno&e% i§ 20% and/br only a
'; small percenﬁagelof_the bacferiochldrophyli is invo1ved iﬁ hydrogen;
  transfef reactions. With the younger bacteria:fekperiment‘#4) theré,:a
”Was'considerably more tritium incorporated, as‘ﬁuch as 20%. It is

~ probable that some of.this is biosynthetic. in. origin; but, in addition,
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that the younger cells'are in a growing phase rather than in a de-

clining phase (see Figure V—3), and that the rate of photosynthesis

would be expected to be much greater for the younger cells than the
older enes." Certainly, this incorporation could not be biosynthetic
at thls hloh a value, which would represent an enormous increase in
new bacterlochloroenyll even excluding an 1sotone e{Lect°

~Thus, the arguments put forth all indicate that the tritium in-

l corporatlon is not Dlosynthetlc, but rather nhotosynthetlc in orlgln.

‘E,‘Voreover, addltlonal exmcrlments 1nvolv1ng re- exchance of hydrogens

were carried out in an attempt to clarlfv the mechanlsm Whlch allows

.Iror hyarogen exchanoe during nhotosynthe51s,

| | In four experlments, 4ab, 5ab, 7bc, and 8bc, the bacterla Wthh'
“?vhad 1ncorporated trxtlum were resuspended in non-tritiated media and

allowed to photosYnthesizev‘or an additional'lS minutes., 'TO‘ensure _;.
‘that the bacterla had not undercone some Dhy51olog1ca1 change due te
 vthe centrxfucatlon and’ Derlod 1n darkness between the photosynthetlc_"

‘ per1ods, (experlments 6 7Ta, and 8a) controls were run in whlch the B

"“;bacter1a were 111um¢natea in non-trltlated medla for 15 mlnutes,

:3115013ted by centrlfuoatlon in the same manner as the trltlated bac— B
B terla, and then 111um1nated for 15 mlnutes in~ trltlated medla._ Ex-

vperlment #6 1nd1catcs that the 1ncorporat10n of tritium is only 25°37

L of the amount 1ncorporated before’ contrlfugatlon' however, thls ex-~

-periment could not be reneated since two addltlonal eXPGIIMLﬁtS, 7bc .

and 8bc, demonstrate that the tr1+1um.uotake 15 125% after centrifu-

'c@ gatlon, 1n.exper1ments 7b and 8b. These results indicate that there

Lo is no deleterlous effect on thc bacterla from the procedurc {ollowed_v
“during the double lllumlndtlon expcrlments, and that the phy51olog1cal

conaltlon of the bacterla is similar before and after centrlfugatlon,
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Figure V-3. Growth rate of normal density of B:’rubrgge
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-0, 880 mu (BChL)
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';1 The»interpretatioh of the double iiiuminatién experiments has
beén éummarized'in Table V-3, The three possible mechanisms to |
‘account for the tritium incorpofation -- biosynthesis; a two'elec-
tron cyclic.process, and a one electron.cyclicrprocess -- have'beén
considered in terms of the amount of incorporation to be.expected,
and tﬁe amount of tritium which would be retained when the tritiated
bacterié are illuminated in non-tritiated media when only hydrogen
‘; atoms. are available. | .

For biosynthesis; only ;l% incbfporétion wbﬁid be eﬁpécted'from
 comparison with the'value obtaiﬁed in the spectroscopic measurements
for the rate of biosynthesié.‘ If fhere'iS'anvisotope éffect, then
- only ;Oi% incorporation would be expected, In the case of the bio-
synthesis, all of the tritium should be retained during the second
:‘. periodvof illumiﬁations since the rate of bacteridchlorophyil turnover
“is very smali,‘ These values do not compare favorab1y withbthose ob-
tained expefimentally. The double illuminaiioﬁ.eXperiﬁent carried
out on 4 day bacteria ihdicates 257%-incorporation and only 80% reten;;
t;on in‘non-tritiated medié. In.addition, the tﬁo:experimenté on

“younger bacteria do not at any time show a retention of 100%, which

. would be expected, especially consideriﬁg that the increase in in-

corporation {as gfeat as 20%) may be”somewhat‘duehto increased bio-

- synthesis, (Ah approximation of the amouht.of tritiuﬁ to be aﬁtri?
buted to biosynthesis for the Younger bacteria_is'unknown; énd for
that reason, only the 4 day experiment is discﬁssed with reference
:'_to fable V—Sj.‘ Thus, the very large disérepancy betweeﬁvthe values
expected and thoée expefimentally detérmined for Bbﬁh incorpdration

" and retention indicate that the tritium uptake cannot'be.interpreted .

‘in terms of biosyhthesiso




TABLE V-3

{

i

Analysis of Tritium Incorporation and Isotope Effects for Bibéyhthéti?:"h’riﬁ Photosynthetic Mecharisms Proposed for 4 day old R, rubrum

‘

The values expccted for variocus mechanisms proposed and isotops effects.
. $ incorporation =

specific activity of Bchl

specific activity of water

Biosmthesis:

.. a
Photosmthcsm:

.two-electron red.

Photosvnthesis:

3 one-electron red,

. 1
HTO /H h HTO H il h Ry 7 Ao A
OxBchl > Behl! Bch v c---- M spent | pehil By ||
G [k 2 e | s, 25 | sad
% Incorporated T Incorporated T $ Incorporated T
Alternative Assumptions Incorporation} Retained in H0 Incorporatmn Retained in 1,0 Incorporation | Retained in 11,0
i AP b

1. No tritium discrimination .1 100 100 0 200 0
2.‘ Normal isotope effect for -

organic reactions (10) .01 100 10 0 20 0
3. 2.5% active sites - Fixed --- --- 2.8 0 5 0
4. 2.5% active sites - Fixed .

" With isotope effect --- --- 0.25 0 0.5 0

5. 2,5% active sites -

Complete equilibration --- --- 100 0 200 0
6. 2.5% active sites -

Complete equilibration -—- --- 10 0 20 0

With isotope cffect '
7. 2.5% active sites - . :

Partial equilibration --- .- 2.5 - 100 97.5 -0 S - 200 97.5 - 0
8., 2.5% active sites - : .

Partial equilibration --- .- 0.25 - 10 97.5 - 0 0.5 - 20 97.5 - 0

With isotope effect )
9, Values obtained for 4 :

day bacteria: Expt. #5 1.0 - 2.7 80 1.0 - 2.7 80 1.0 - 2.7 80
a There is at least one two-clectron reduction accomplished per molecule of bacteriochlorophvil in the period\of photosynthesis, and for

2.5% active sites there arc at lecast four turnovers per active site,

b

Value assigned on the basis of a spectroscopic determination of the synthesis of new bacteriochlorophyll, whlch is .1% for 4 day old

R, rubrum,

mSLn
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‘The alternative explanation for the tritium incorporation is that
Cof photosynthesis. Two related mechanisms are suggested by which the

| 'bacteriochlorophyll may function in either a one electron or two elec-

~ trom cyclic process..

Pertlnent to thlS dlecu551on is the number of two hydrogen reduc-’.
.ltlons accompllshed per molecule of bactertochlorophyll._ Fromlthe cal-':
'culatlons presented earller, it was noted that al. 3 1ncreese in
", bacterlochloronhyll is equlvalent to at 1east eleven two- elcctron reductlons
per molecule of COZ’ for the more reasonable value of a 0, 1 increase |
. »1n bacterlochlorophyll there are calculated to be at least one two-
"electron reductlon per molecule of bacterlochlorophyll. It should be
noted that these -are approx1mat10ns, and represent a minimum valuee
For the tworelectron proccss, 100% 1ncorporat10n should be ob- |
tained if each molecule ef baéterioehlorophyll is 1nvolved in the
process, since there is at least one“two-hydrogen reduction accom-
pllshed per molecule of bacterlochlorophyll durlnc the oerlod of
photosynthesis. All of the incorporation should be lost when the :

bacteria are illuminated in non-tritiated medla, since both hydrogens

Al
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'are preéumed renoved in a light reaction énd the incremental energy
of actlvatlon for tritium is easily overcome by the photon energyo11
" For the one electron process, 1n which both the 3 and 4 position can
.randomly participate (assuming a sufficient number of cycles; at least
.v.twoj; then eéch pesition shouid become labeled to the same extent as
3 ;the water, and the bacterlochlorophyll will show a total of 200% in-

cornoratlon._ In the: non-trltlated illumination, all of the tritium

should agaln be lost, since the 3 and 4 positions can each again par-

" ticipate randomly and there are a sufficient number of cycles so that

all the tritium wquld be removed, If the 3 and 4 positions do not

. participate equallf in the one electron.reduction,‘butfthere is a
“‘specificity towards one position, then the values ebtained would be -
the same as:for the two electron reduction process, In any caseg the
"experlmental values are not con51stent w1th elther alternative, even
1nc1ud1na the 1sotope effect, 1f each molecule of bacterlochloronhyll'
-'e; part1c1pated as a hydrogen transfer agent. | .

B A further alternative to be con51dered is that only a small por-
'tion of the bacterlochlorophyll molecules part1c1pate as "actlve 51tes" B

16 has concluded from fléshing 1i¢h*

'"ifln the cycllc process. Clayton
‘ experlments that only one out of 40 bacterlochloronhyll molecules is

involved in the electron transfer process, and perhaps the remaining

" molecules act as energy funnels to the active site, If this is true

then an incorporation of 2, 5° tritium would be reasonable since only.

3i1 2.5% of the bacterlochloropnyll acts as hydrogen transfer agents.

'However, one must agaln consider the isotope effect, which could make
the incorporation only 0,25%, and the amount of tritium retained duringb

the second period of illumination would be 0%, However, to consider T
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‘the active sites.ae completely fixed is ﬁnlikely'since there is é
small but definite turnover of bacteriochlorophyll during the lifef-5
time of the organism and there is no reason to asseme:that particulat
molecules are exempt from this dynamic system, ,This'brings us to the
possibility that there is a migration of the active sites throughout

- the becteriochlorophyll pool. The extreme point of view woeld be that

there is a cohplete'equiiibration of.the'activejsites’with the bacterio-

, chlofophyll poel; such.that each melecule participatee as an active
site durinc the 15‘minute5‘of illuminétion.‘ If this'is true, then the

' same values would be obtained as for the flrst case mentioned in Table

'V—Z. lhere is reason to belleve that the equ111brat10n of the active
sites 1s_not that rapid; the oxlglnal postulatlon efva pnotosynthetlc
unitd? from_seturation'effects in flashingﬁlight experiﬁents.on green

| “plants also means that the active éites"are not fegenerating'rapidly-ﬁ-
»enough to. accomodate all the llght energy aosorbed Thefefore the

: most 11g1ca1 n01nt of V1ew is that there 1s ‘an equlllbratlon betwe"n

vthe 2, 5° of active 51tes and a portlon of the bacterlochlorophyll pool

Suppose\that the-2;5%-actlvejeltesican exchange Wlth‘ZSﬁ of the bac-
."lteriechiorophyil pool during the peried_ef'illdmination. Then you
~would exoect an 1ncoroorat10n of 250, or, 2.5% con51der1ng isotope

J"effects.r Durlng the 1nterval (90 mlnuteéj‘betweeh the two Deriods ofh
, ;111um1nat10n, the 25 equ111brated pool becomes homogenized Wlth the -

bacteriochlorophyll nool such that durlng the second perlod of 111um1-

" nation in non-tritiated media the tritium lost is only 25% because that -

_is the fraction of equilibration between the active sites and the pool.

Then, the retention is 75%.

RETIE T E T TT
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Conclusion. ,

'.The cenclusion of this investigation is that there is a definitev
photo induced incorporation of tritium in the 3,4 positions of bac-
-teriochlorephyll which cannot be accounted for in terms of biosynthesis.
‘The experimental data imply that'there is an involvementvof the 3,4
/positions-of bacteriochlorophyll in a cyclic process during photosyn-

- thesis., The results do not allow a distinction between a one and two
electron reduction, although photo induced ESR signals would suggest
a one electron process.70

Theyarguments presented are by no means rigorous;‘ner are'they.an‘
exclusive'solutionbto an interpretation of the data. - There may be |
T, other explanations, such as an unknown enzymatic exchange, which
"'would completely.re-open the issue."It is not impossible that a

"hlghly labeled contamlnant could be co- chromatographed during the

purification, although thls is 1mprobab1e because highly labeled con-

tamlnants are unllkely to be present in the double illumination ex-

n perlments carrled out 1n non-tritiated medium. Our conclusions rest

on the belief that‘the 1sotope effect must be taken into consideration

'J and that there is a;paftiai equilibratienebetWeen the active sites

 and the bacteriochlofophyll inoqle 'Seﬁarate meaﬂs of answering these
Jquestions'are beiné soﬁghﬁ -

One of the greatest problems in this work is understandlng and

"j'1nterprct1ng the physxology of the 1iving organism durlng the cxperl-

o ments. In the oxygen 18 work, consxderable knowledge is readily ob-
. tained from.a few simple experimental measurements. For this work,
. it would be advantageous to develop steady state bacteria, as for the

Chlorella, such that each experiment could be carried out on organisms
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in the same physiological state. In addition, methods are necessary

~ to measure the'rate.of bacteriochlorophyll synthesis and the rate of
electron turnover, It would also be best if dilute, rather than ex- -
tremely dense suspensions, could be used. These could later be pooled
m With efeady state bacteria SO that there would be enough bacterio-
ehlorephyll to work with and yet avoid the probiems of using such
dense selutions;. In'principle; ﬁhe isotepe question could be answered
by studying the relationship of the rate of incorporafion of tritium
and deuterium, eﬁd from this knowledge determine the absolute tritium -
'isotope‘effect.és Alvery prelimihary report by'Katz and CreSpi7l
__indicates that deuterium labeling in bacteriochlorophyll is under

1 1nvest1gat10n, altnough the 3,4 0051t10ns are not mentioned. An NMR
1nvest1gat10n of ‘the deuterlum labeled compound would ease the problem
of the isotope effectvln the tritium experiments. It may be possible
b_ to determine therdegreevof equilibration of.the'eetive sites'by doing'.'

“a kinetic study of the pereent of incorporation versus time. A change .

in slope w1th time mlght reveal the p01nt at whlch the rate of equili- 8

‘bration becomes faster or slower than the Tate of incorporation. With

thlS knowledoe, a more - complete ana1y51s of the experimental data

"~ ‘might provide a more definitive concept'of the role of bacteriochloro- -

phyll during'phOtosynthesis.
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. CHAPTER VI. A’SUMMARY OF THE ROLE OF CHLOROPHYLL
AS. A CHEMICAL INTERMEDIATE IN PHOTOSYNTHESIS

”-Although;chlqrothll.hés been shown to heve two_labile hydrogens,
‘the delta and 10,'experiments have shown ﬁhat neither of these posi- -
| - tions nor tﬁe 7,8 posifions of chlorophyll act as chemical intermediates
: ,”during photosynthesis; From the earliest tritium experiments in 1942
 to the most recent deuterium experiments, the results have consistently
- shown no isotope incorporatien'which cpuid‘be attributed io a photo-
syntheti; ﬁechanism.- In thdse cases iuvwhichga“small amount of incor-

- poration was, found, there was no investigation to determine that it

ﬂd;:could be excluded on the basis of new chlorophyll synthesis, nor was

"there any ev1dence for the p051t10n of 1ncorporat10n except in NMR
experlments.

It is important to recognize that although it is extremely doubt-- - -
:4avfu1'that chlorophyll acts as a chemical intermediate via the delta, 10;.>

N & 7 8 p051t10ns, one cannot make an unequlvocal statement.‘ The ex-

» - periments reported in the 11terature ‘were not d951gned to evaluate

"*'51mnlY state that there was ''less than 5% 1ncorporat10n

- the chlorophyll part1c1pat10n at the "actlve 51te", their conclusions
w11 and other
similar remarkds such that if only one out of 200 molecules (1/2%)

”vare active sites, then 1/20 incorporatlon‘ls the expected theoretlcal L

- value. | A 1/2% incorporation is far below the experimental error ex-

preseed by thevinvestigaﬁors in the experiments'described in Chapters
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. The,oxygeh 18 investigation with Chlorella clearly shows that the

.tcerbonyl function of the isocyclic ring does not participete in the
.iwatef'splitting'teaction, nor is ‘it the site of oxidative photophos-
phorylation, The evidence is quite clear that this is also true for't
~the active site theory; the oxygen 18 incorporation did hot approach
1/2%t' Because the evidence is quite cleer with regard_to’the carbonyl
function;vthis impiicates the 10 position as also being excluded from
'7the photosynthetic scheme. Certalnly, any mechanism which included.
':the 10. position could not do so on-the ba31s of hydratlon of the car-
:bonyl followed by enolization, .Thus, the proposals by bothvpranck and

',‘by Calvin are incorrect dcscrlptlons of the photosynthetlc schem

The flrst concrete ev1dence for the participation of chloronhyll

as a chemlcal 1ntermed1atc is that put- forth in the precedlng chap-
| ter, in whlch bacterlochlorophvll shows 2% trltlum 1ncorporat10n when

R. rubrum_ls allowed to photosynthe51ze,1n tritiated water. The tri-

' tium incorporation and- subsequent bacteriochlorophyli'oxidation.shows.:’ o

‘:f'*fthat the 3,4 positions are inVolved in the photosynthetic mechanism,

_ and that only a very small percentage of the bacterlochlorophyll acts
as active 51tes._ ThlS is con51stent with Clayton s conclu51on that

mosthOf:the chlorophyll.?fhnnels" the electromagnetic energy to the

) position'oF energy conversion which takes place in 2-1/2% (one out of

h‘40) bacterlochlorophyll molecules and 1/2° (one out of 200) chloro—,"

. phyll a molecules in green plants.

The 1dea of a "mlgratory active 51te" was presented in order to '

account for a normal tritium isotope effect, and to_account for the

!

. fact that there was only a partial loss of the incorporated tritium

when the cells were resuspended in non-tritiated medium. A 2%_incor- L
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- poration reflects a 20% hydrogen exchange when an isotope effect of

10 is taken into consideration. This 20% incorporation is less than

that expected for one mole of exchange, and greater than the 2-1/2%

- incorporation expected on the basis of 2-1/2% active sites. Thus
 the suggestion that the 2-1/2% of active sites are in equilibrium

‘with the larger pool of‘bacteriochlorothIl molecules,

This proposal of "migratory active sites' should be considered

'not only in terms of these isotope expefiments, but should be extended

to experlments with green algae photosynthetlc systems._ Perhaps the

action spectrum measurements, flashlng 11ght experiments, and other

f__technlques in use in the study of photosynthetlc systems may in the

"~ future contribute added evidence for.this‘mronosal. o

The proposal of a mluratory active site presents a new inter- -

b,pretatlon to the earller trltlum and deuterlum experiments on-

;~Chlore11a relating to tne chemlcal mechanlsm of photosynthe51s;;

That is, one would expect a greater  amount ofeincorporation than

"}: that assumed on the basis of 1/2° actlve 51tes. This is of little
'”a531stance in terms of the tritium exoerlments because one still -
... must contend w1th a 1arge 1sot0pe effect and lack.of knowledge on

the Site of incerperation'~howevef, with the deuterium experiments,

there was no 1ncorporatlon of reasonable magnltude in the delta POSI‘,

tlon to be con51stent with the proposal of a "mlaratory active site',

If further experlments do bear out thlS suogestlon of a mlgratory
active 51te, the pronosal for the chemlcal mechanism 1nvolv1ng an

vox1dat10n and reduction cycle at the 3,4 p031t10ns is strenghened

Uhfortunately, the mechanlsm cannot be tested for the green algae
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since chlorobhfils!é”éndlé;isolated'in the natural state do not
;1contaiﬁ the;hydfogégszat;the 394 positions, .However, it is never-
 fthelé§s1possible fhaﬁ'these'sySteﬁéIuﬁdergo reduction and oxidation,

"at the 3,4 positions, to carry out the water splitting reaction of o -

. ©.photosynthesis.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in

“this report. '

As used in the above, "person acting.on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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