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~Spectroscop1c Invest]gat1on of the Inh1b1tnny Effect of Fatty Ac1ds

on Photosynthetxc Systems
by |

1Hanst5teffen* and Melvin Calvin
Labbratony of Chemical Biodynamics.j o
Lawrence Rad1at10n Laboratony

and Department of Chem1stny,

Unxvers1ty of California, Berke]ey S

Snmmar
Fatty acids have a revereib]e inhibitory effect on respiration and on
,Photcsyntnetic”action.' We investigated the influence of octanoic¢ acid

on the”photosyntnetic bacteria thdopseudbmonaé spheroides R-26. From

- our spectroscop1c data we conc]ude that a. ]ess efficient energy trans-
fer and decoupling of the light harvest1ng p1gment system from the
venergy converting react1on center s respons1ble for the 1nh1b1tony

o .

. effect.

Present address: . F. Hoffmann-La Roche & Co. Ltd., Basle, Switzerland
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' Fatty acids have been shown to have funglstat1c and fung1c1da1

], and they are known to revers1b]y

action at pHs below neutrallty
1nh1b1t respiration and g]yc01y51s in yeast ce]]s Inh1b1txon of the
endogenous respwratlon ‘was found with n- -saturated C-2 to C-12 fatty

‘ ac1ds (2 x 107 =3 M, pH 4 85) in Bo]etus var1egatus3. Further, it has

been demonstrated that 3 - 6 X 10 =4 M ]1p01c acid, octano1c acid and

methyloeytanoate can cause ‘wholly or part1a11y revers1b]e 1nh1b1t10n of'

photosynthes1s in Chlorella pyreno1dosa4.' Since the 1nh1b1tory action
1

was on]y observed at low pH, 1t has been’ conc]uded that the undisso-
ciated ac1d was responsible for the effect. Pedersen3, using a fatty
ac1d concentrat1on ‘of 2 mM, 1nvestlgated the effect of different chain
N ]engths and found that n- octano1c acid showed maximal decrease of oxygen

uptake 1n Boletus var1egatus.

To 1nvestlgate the 1nn1b1tory act1on of fatty ac1ds w1th Spectro--

scop1c too]s we looked for a s1mp]e photosynthet1c system. The blue- "

green,mutant of»Rhodog_eudomonas.sphero1des-stra1n R-26 seems-to be

" suitable, in that there is only one kindhdf'pigment, namely Bacterio- -

5

chlorophyll a (BChl a) with an uncomplicated in vivo spectrum® and no

“evidence for more than.one kind of reactton_Center; Moreover, the
eXtensive work of Clayton's grOup-6 on this species has provided much
,1nformat1on about the state of the p1gments and about the react1on
center he was able to isolate.

It is genera]ly agreed that the prumary events in photosyntnes1s

are. ausorptlon of llght in a harvesting p1gment aggregate and the trans- .

fer of excitation energy by a non-radiative energy transfer mecnan1sm

f to‘a reaction center (possibly a specialized BCh1 tr1mer) called P870

for the strain R-26’.




._ ;:the photosynthetic apparatus

-3-
The excited reaction center is immediately and efficiently (photo)-
oxidiZed by donating an electron to an'unti]-ndw unknown.acceptor. The

oxidized P870 is then even in the dark reduced by a cytochromes.

BCh1 “#+:hy © ———— BCHT"

BCh1* # BCh1 ———— BCh1 + BCH1™

BCh1* + P870 ——— BCh1 + P870"

P870* + A,-_f—-——-—+P87o + AT
P870 + Cyt —_— P870 + Cyt*

These reactions produce the reduc1ng power A and'the-OXTdizing:

. fpower Cyt wh1ch druves the whole ATP-coup]ed electron transfer cha]n in

+

In th1s paper we show that n octano1c acid- (0.A. ) 1nh1b1ts the P870

3',_format1on and consequent]y photophosphory]at1on by blocking the energy

transfer mechan1sm in the Iwght harvestlng pigment system ‘This effect
1s, under certa1n cond1t1ons, partwa]]y reversxb1e

Most exper1ments were done w1th chromatophores of Rhodooseudomonas

: phero1des R-26 suspended in 0.01 M Tr1s-HC1 buffer, prepared according'
“to the-method descr1bed by Arno]d and C'layton8 Chromatophores are the
o parts of the cell that conta1n the photosynthet1c energy convers1on_

_" apparatus.

BCh] in neutral solut1ons absorbs at 590 and 770 nm. Acidic environ-.
ment pu]]s the Mg-1on out -of the porphyrun rlng of BChl and produces the
spectrum of Bacteruopheophytln (BPh) with bands at 530 ‘and 760 nm

“Fig. 1 (O M 0.A. ) shows the absorpt1on spectrum of BChl in the chromato-
’ phore membrane w1th peaks at 375, 590 and 860 nm and a. shoquer at 800
f and 770 nm. N1nety f1ve percent of th1s absorptmon is caused by the

.l]ght harvest1ng p1gment system (B 590- 860)
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WG have measured the effect of acid (HCl) w1th pH Valucs from 7 to v
4, Only small changes in the absorpt1on and fluorescence spectra could
be seen. The p]gments are embedded 1n»a protein env1ronment and are
protected against1pheophytinization.._But if'low.pHvis'produced by
faQtyvacids, a detergentheffect'can be seehxr O"A" dissolved in ethanol*“"
was added to the chromatOphores suspens1on to. nge a- final concentrat1on }f
of 5~ ‘ethanol. The 860 peak d1sappears and at med1um concentrat1ons f |
of O,A;"(Fng ,‘7.5 . 1073 M 0.A., - pH 4, 85) a p1gment is produced that
absorbs‘at 590 and“770 nm (B 590-770), at high concentrat1ons (Fig. 1,
-2 M 0.A., pH 4. 75) one that absorbs at 530 and 760 nm (B 530- 760)
B 590 770 looks similar to BChl in Vvitro, whereas 8530 760 resembles

107

BPh 1n ‘vitro. Because the chromatophore absorpt1on spectrum represents
ma1nly the l1ght harvest1ng pigment system, the bxg change in the spec~
trum suggests interaction of 0.A. with this system One 1nterpretat1on
is that 0 A. extracts the p1gments out of the membrane ' To teStjthis,
we centr1fuged the chromatophore suspens1on treated w1th O A for 60 min.
at 200,000 g.- No pigments were found in the supernatant. The pellets
resuspended in this buffer solption.notrenly-demonstrated that most of

the pigments still were. in the membrane (Fig. 1), but also that the

-spectrum shift 860~-760 nm is partially reversible. The 760 peak ln

fact-goes to 850 instead of 860 nm. With lower 0.A. concentration, .

more 770 species is- produced and in the reversibility experimenttthis
v,peak”shifts back to 860 nm; Thls suggestslthat.the-pigments absorbing'
at 760hand 770 nm are notvdetached from the protein carrier and that
the CHh1 and BPh can go back into the orlginal spatial posttion. The
decrease of the’860'nm peak (e = 127 mmlcm;])g; as a function of - the

added O,A. cencentration,,gives us information about the total number
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//t fatty ac1d mo]ecules that are 1nvo]ved in’ transferr1ng one pigment
mo]ecule B 590 860 to B 590 770 or B 530- 760 This function has a
broad minimum of about ]0_0.A. molecules per converted BChl.

tIt is:fnteresting tO‘comparevour spectra].changes with the results
of Ce]iarius g3 al.]0, who investigated the'incorporation of BChl a
into the'membrane during the synthesis of the energy conversion apparatus g;

in~Rhodopseudcmonas'etrain 2.4.1/Ga. In the transient time he noticed

p19ments absorb1ng at 530 760 nm and at 590, 770 nm. It would seem
that the 0 A. treatment is changing the system back to the state 1t was
in dur1ng th1s transient time. S _
Qur interpretation of the snectral,obseryations is, that the proteinev
pigment complex is unfo]ded}under the-inflhence of the fatty acids. |
| The BCh] molecules are‘exposed to the so]vent'but not detached from
the protein bearer and show-a spectrun-similarfto 8Ch1 jg_gijgxy Low
pH'iS“hOW able to remove the Mg jon from the exposed BCh], giving rise
to anépectrum reéembling BPh in vitro. Centrifugation and resuspension
| of the chromatophores removes the fatty ac1ds and produces a reaggre- “'
gat1on of the pigments. The reaggregated B 530-760 has an absorptmon
band at 850 nm, whereas ‘B 590-770 is reversed to B 590-860. | |
F]uorescence and activation spectra are compat1b]e w1th th1s inter-
pretat1on ' | |
 The disaggregaticn effect and the decrease of the interaction
betWeen pigment molecules can'be measured by cfrcu]ar dichroism - In a
recent report we have shown that 0.A. breaks up dimers of BC hl in the
chromatOphore membrane]] "
Another consequence of the unfoldxng of the protein- p1gment complex

‘1s the change in the energy. transfer eff1c1ency Thzs efficiency of
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energy transfer in the lowest s1ng]et state of the B 590 -860 p1gment
system can be 1nvest1gated by f]uorescence depolanzatwn]3 Wnen one
B b90 860 molecule absorbs 11ght at 860 nm and the same molecuTe em1ts
the excxted energy in the form of f]uorescence at 900 nm, then the

: absorptlon and emltter osc11]ators are para]]e] (B 590-860. cannot -
v.-rotate durxng the-]1fet1me‘of.the exc1ted state within the'membrane)
and the.p4va1ue should Be 0. 5 The p value is def1ned as (I, - IL)/
I,,+ IL) where Tus IL, is the fluorescence intensity with the electric
vector of the exc1t1ng and f]uorescent ]1ght parallel and perpend1cular
respect1vely. If energy transfer oceurs between mo]ecu]es with dif-
vferenthorientatlons, then the p-value is ]ess than O.J. In chromato-
phores'the'excitation'energy is'transterrEd to other}molecules, before
‘ fluorescence emission occurs. weber]4 has der1ved a formula for the

depo]ar1zat10n effect of energy transfer 1n random]y oriented

molecules. S

Here po is-the dntrinsic p-vaTuevfor a mo]ecu]e‘that does not'transfer
the excited state energy, n is the: average number . of energy transfer
_'steps. and Py is the p-va]ue after n evergy steps. To compare the
B8 860 molecules wwth random]y or1ented mo]ecu]es is a rough approx1-
mat1on but g1ves an 1ns]ght 1nto the order of the number of energy
transfer steps.'

In the chromatophore suspens1on we have measured ap- value of
0. 062 Upon add1ng 0 A th1s va]ue 1ncreased up to as h1gh as 0. 5.

It 1s worthwh1le mention1ng, that values as high are very seldom found
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Recently Ebrey and Clayton]3 ‘have also seen such a h1gh value in
react10n center preparatIOns W1th the above ment1oned formula of
Weber, we ca]cu]ated the average number of energy transfer steps
This number drops from about 8 to zero w1th increasing 0.A. concen- | ..
‘ trat1ons (Fig. 2). ” | |
p- -Value measurements in the species absorb1ng at 760 and 770 nm

show that energy transfer between these species is not veny efficient.

12

* When the react{on.center that Reed and Clayton = were able to iso-

late from Rhodopseudomonas spheroides R-26 (with absorption peaks at

' 865 and 803) is oxidized by light or'chemica]}y; the 865 peak disappears

7 This kind of spectra] change

| and\t‘he: 803 peak is shifted to 793 nm’
| can be seen in whole chromatophores desp1te the other absorb1ng pug-'
ments, by d1fference spectroscopy. Fig. 3 shows tne difference
absorptzon spectra of two equa] chromatophore suspen51ons, where on]y
one of the suspens1ons is in the light. The exciting 11ght-1ntenswcy
at SQO nmvis kept low, so that the optical density decrease a}ouod
'865.nmnis proportional to the exci*ing light intensity. .The difference
'spectruh of the chromatophores alone shows a negatiVe'band at 865 nm
‘corresponding to the 865 bleaching in the reaction center, and e;nega-

§ tive‘end positive;band at 803 and 793 nm corresponding to the shift in
the;keaction center. The b]eechtng at 865 (oODBéS) 1s‘proportiona]_to
_‘the concehtration'of P 870f and at toe same time to the driving'power
of the electron trehsfer'ppOCesses.' Fig. 2 shows‘that 0.A. inhibits
’_the'production’of‘P 870+. It can be seen»thet 5% ethanol also decreases

~ the b]each1ng effect and that the addition to these of 1ow concen-

trations of 0 A. actua]]y increases P 870 product1on 1n1t1a1]y
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_ S1m11ar sens1tuzat10n effects in the presence of ethano] have been |
demonstrated w1th Tow fatty acid concentratlons in the oxygen uptake

of Bo]etus vartgatus3 The bleachIng is also sensitive to the pH,

exh1b1t1ng a broad maximum at pH 5.5. At higher 0.A. conCentratioh"
the P 870 product1on is 1nh1b1ted A better meas ure of the effl-”
ciency of the b]each1ng is the rat1o-of the‘optjca] den51ty_change at
‘865 nm diVided by'the amount of absOrbedllight:of the extiting"beam.
In F1g 3 th1s eff1c1ency 15 approx1mated by A00855/OD560 Fig. 3
demonstrates the part1a1 reversib1]1ty of the b]eachIng inhibition.
At h1gher 0.A. concentratlon the revers1b111ty is poorer, probab]y
because more BPh 1s produced and’ also. because not enough B 590- 860
| is reproduced. ‘At ]ower concentrations’ the 1nh1b1tory effect of 0.A.
is less complete. | “

We undertook NMR measurement on d1fferent samp]e so]ut1ons with
the same cond1t1ons as the one used for the opt1cal 1nvest1gat1ons,4
except that most of the water was rep]aced by DZO and that a sma]]
amount of water solub]e internal standard DSS was added The 0-5 ppm

gspectrum (Fig. 4) of the chromatophores with 10 -2 M 0.A. and the usual
- 5% ethano] was taheqxon.a_zzo Mcps tnstrument,of Varian. The main
peaks»camejfrom ethanol.'water;that was'notvrep]aced by D,0 and DSS.
The nuclear spin'signals of the chromatophores are too broadened to

be seen, the mo]ecu]ar weight of the chromatophores is 30 m1llion]5

We tried to see the CH2 protons near the carboxy] group in 0.A. ‘at

' about 2. 3 ppm, the other resonance peaks probab]y overlapp1ng w1th the

ethanol and the water lines. We used max1ma1 rece1ver and s1gna1

amplxtude gain and opt1m1zed the RF-f1e]d amp]1tude.' In the reg1on_a

N Lo ' vv:v"’



- 0. A. mlxture, the spectrum of the supernatant shows the or1g1na1 10”

29

around<2;3vppm (Fig 4) no‘signals COu]d'be seen from the chromato-

phoresaaione 107 -2 M 0. A. alone prov1des a trlplet. In the mixture,

chromatophores w1th 107 =2 M 0.A., we see that the CH2 resonance peaks

are broadened, but only 511ght]y,_so that~a reasonable s1gna7 amp]l-
 tude can still be seen. This.suggests that 0.A. molecules are not
’ f'tightly bound'to the chromatophore membrane and that the -CHZ-COOH

‘: end of 0 A. still has a high degree of motional freedom, w1th mos t of

the 0 .A. bound ‘to' the membrane When we centr1fuged the chromatophore-
-2
M

0.A. trip]et lines. This rules- out an alternative explanatidn for the

R chromatophore -0.A. spectrum, i e » that the lines represent O A. mole-

cu]es not attached to the membrane, but broadened by paramagnet1c ions

" “that could be extracted from the photosynthet1c membrane. The pellets

were'reSuspended at twice the origina] concentration. The spectrUm of

- this samp]e shows that there 1s only a very small amount of 0. A. 1rre-

”vers1b1y attached to the chromatophores.

Most of the above descr1bed experiments were repeated w1th the

neutra] ester of 0. A., methy]octanoate (M.0.). At pH 7 there ls,onxy

- a minor interaction between M.0. and the photosynthetic membrane system

-3 to 10'2'M M.0., but at pH 5 M.0. behaves

with concentrations of 10
like b‘A On]y sma]] changes are seen in the photosynthet1c membrane
at. pH 5 w1thout add1tlon of 0. A or M.0. We conclude that a Tow pH
makes the photosynthet1c apparatus accessub]e to M 0. and 0.A. and

that 1t is the neutra] form of O A. wh1ch is 1mportant for the inhibi-

© tory act1on.

The fact that centr1fugat1on alone separates 0 A. and M.0. from

__the membrane and the resu]ts‘from the NMR 1nvestlgat10ns show that
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the interaction is very weak. The CH, grOup.nearithe carboxyl group

has a Tot of freedom to move With the carboxyl group, probably ina

water environment. The hydrophob1c tail 1nteracts w1th the hydro-

: phobic parts of the proteins or with the 11p1d part of the membrane.
Only about 10% of the fatty acid molecules are 1nteract1ng d1reetly
With. the proteinepigment“cdmp?ekes cdnventin§38-590-860, whereas
meSt_of~the rest isfprobably ddssoTyed-in‘the'Tipid'bert of the*membrane.

'Thelbiphasid character of the P 870" versds O}A.'coneentratien in
| Fig. 2, with a sensensitizing effect et Tow and a inhibiting effect
at high 0.A. concentration. could be‘exp]ained in the foiioming way:
When m1tochondr1a are lipid- dep]eted many of the membrane- bound
enzymes of the e]ectron transferr1ng system ]ose their act1v1ty |

‘When pur1f1ed phosph011p1ds or other po]ar 11p1ds are re- added, the
act1v1ty 1s proport1ona1 to the amnunt of Tipid taken up by the mito-
chondria and the funct1on of the electron transferrwng system can be

resp_ored]6 ‘

In avs1m1]ar way O.Af could enhance the hydrophob1g
intenactfon between apelar hydroearbon cheins’end-the apolar regien

of the electron transferr1ng enzymes in the chromatophores, increasing
the}r act1v1ty The result wouid be a hlgher steady level of the |
P 870" concentrat1on.

, There are three.porphyrin-pretein;compiexes,_where the three
dimensjonal stnuctufe is known'by X-ray diffnaction anaTysfs'(hemo-
.g]obin]7, myodlohfnls, qytochrome clg) In all these comp]exes the
porphyr1n rung is located 1nsxde a hydrophob1c crev1ce Also in the

protexn pugment comp]ex 08 Ch]oropseudomonas ethy11cum, 1nvestugated

‘by-Olson gt.gl,zo, theVBChI,seems to be h1dden inside a hydrophob1c
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jprotejn enyironment. In Rhodopseudomonas sphero1des the BChI 1s pro-

‘tected in"é similar way, as is exp1a1ned above “The hydrocarbon
}cha1ns of the IOA 0 A. mo]ecu]es that are- chang1ng B 590 860 to
B- o90-770 or B 530-760 are probeb]y_]ocated in such a hydrophobjc
efeVice; separating the porphyrin ring from the direct contact Qith‘
the emino acid side chains of the protein. The originalvprotected
BCh]siare”nOW'expOSed'(B 5904770) but st111 attached to protein, and

a low pH is able tozpu11h50me of the Mg ions odﬁ of the porphyrin
ring (E 530-760). 'These two pigments are decoupled from the remaining
.'BChlyin>the in vivo aggregate. The energy transfer mechanism in ihe
" remaining B 590-860 becomes inefficient through increasing the average
distance between the B 590-860 pigments by statistically shifting
in vivo oigments_to absorbing species at 770 and 760 nm.. Fig.ez shows
“that the drop in the,nUmber:of energy transfer steps correlates with |
the'inhibition‘effect of 0.A. It means thaf the absorbed light is no
1onger eff1c1ent1y transferred to the react1on center. :

An add1t1ona] 1nh1b1tory effect of 0.A. cou]d be.the 1nteract1on

of th1s mo]ecu]e w1th the reaction centers themse]ves.
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”Figuke'CapfionS':'

Fig. 1 -

Absorpt1on spectra of 0 M (pH 7.5), 7. 5 x 10° M (pH 4.85),
“and 1072 M (pH 4. 7a) octano1c ac1d in equ1]1br1um w1th the

chromatophore suspension.

' AVefagé humbér'of éhergy-transfé}'steps'in-tﬁe‘860‘nm light
: absorb1ng pigment system compared w1th ‘the % change (re]a-v

: t1ve to the chromatophore suspens1on wlthout 0.A. and w1th-_

out ethano]) of the P 870 b]each1ng as a funct1on of the

}_’0 A, concentratlon. '

The revers1ng effect of centr1fugat10n of a chromatophore

suspens1on treated with 6.25 x ]0'3 MO. A on the l]ght dark .

d1fférence spectra.

The NMR spectrum of a chromatophore susepnsxon w1th 70 2

0. A. , where most of the water is rep]aced by DZO The proton

.s1gna1s of the CH group near the carboxyl and at. abOUt 2.3

< ppm are ‘shown strongly amplified 1n dxfferent sample suspen-

sions and solutions
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LEGAL NOTICE=

This report was prepared as-an account of work sponsored by the
United States Government. Neither the United States rior the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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