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Spectroscopic Investigation of the Inhibitt'ryEffect of Fatty Acids 

on Photosynthetic Systems 

by 

* . Hans Steffen and Melv1n Calvin 

Laboratory of Chemical Biodynamics, 

L,awrence Radiation Laboratory 

and Department of Chemistry, , 

Uni versi ty of Cal i forni a, Berk~ley 

Summary 

Fatty acids have a reversible inhibitory effect on respiration and on 

photosynthetic action.' We investigated the influence of octanoit acid 

on thephotosynthetia bacteria Rhddopseudomonas spheroides R-26. From 

our spectroscopic data we conclude that a les,s_-effi cient energy' trans­

fe rand decoup li ng of the 1 i gh t harves ti ng pi gmen t sys tem from the 
. . .' ~, 

; ' 

energy converting' reaction' center ,is responsible for the inhibitory 

effect. 

* Present address:" F. Hoffmann-La Roche & Co. Ltd.,: Basle, Switzerland 
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Fatty acids have been shown to have fungistatic and fungicidal 

action at pHs below neutralityl, and they are known to reversibly 

inhibit respiration and glycolysis in yeast cells2. Inhibition of the 

endogenous respi ration was found with n-saturated C-2 to C-12 fatty 

,acids (2 x 10-3 M, pH 4.85) in Boletus variegatus 3• Further, it has 

been demonstrated that 3 ~ 6 x 10-4 ! lipoic acid, octanoic acid and 

methylocytanoate can cause wholly or partially reversible inhibition of 

photosynthesis in Chlorella exrenoidosa4. Since the inhibitory action 

was only observed at low pH, it has been concludedl that the undisso­

ciated acid was 'responsible fQr the effect. Pedersen3, using a fatty 

acid concentration :of 2 'mM, investigated the effect of different chain 

lengths and found that n-octanoic acid showed maximal decrease of oxygen 

uptake in Boletus variegatus. 

To investigate the ,inhibitory action of ,fatty acids with spect'ro­

scopic tools~ we looked for' a simple photo~yntheticsystem. The blue­

green! mutant of, Rhodopseudomonas spheroi desstrai n R-26 seems ,to be 

suitable, in'that there is only one kind of pjgment, namely Bacterio­

chlorophyll a (BChl a) with an ,uncomplicated ;n vivo spectrumS and no 

evidence for more than ,one kind of reaction center. Moreover, the 

extensive work of Clayton's groupO on this species has provided much 

information about the s tate of the pi gments and about the reacti on 

center he was able to isolate. 

Itis generally agreed that the primary events in photosynthesis 

area~sorptionof light in a harvesti~g pigment aggregate and the trans- , 

fer of excitation ene,rgy by a non-radiative energy transfer mechanism 

to a reaction center (possibly a specialized BChl trimer) called P870 

for the strain R-267• 

.. 
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The excited reaction center ;s immediately and efficiently (photo)­

oxi dized by donati ng an electron .to an until-now unknown acceptor. The 

oxi di zed P870 is then even in the dark reduced by a cytochrome6. 

BChl :·+;.hv • BChl* 

BChl*' +. BChl .. BChl + BChl* 

BChl* + P870 • BChl + P870* 

P870* + A I P870+ + A-

P870+ +Cyt P870 + Cyt+ 

These reactions produce the reduc; ngpowerA- and theoxidi zing· 

power Cyt+ which drives the whole ATP-coUpledelectrontransfer chain in 

.. the photosynthetic apparatus. 

In this paper we show thatn-octanoicacid (O.A.) inhibits the P870+ 

formation, and consequently photophosphorylation, by blocking the energy 

transfer mechanism;n the light harvesting pigment system. This effect 

; s, under certai n conditi ons, parti ally reversible. 

Most experiments were done wi th chromatophores of Rhodopseudomonas 

spheroi des R-26, suspended; n 0.01 M Tri s.:.HClbuffer, prepared accordi ng . 

to the method described.by Arnold and Clayton8. Chromatophores are the 

parts of the cell that contain the photosynthetic energy conversion 

apparatus. 

~Chl iri neutral. solutions absorbs at 590 and 770 nm. Acidic environ­

ment pulls the Mg-ion out of the porphyrin ring of BChland produces the 

spectrum of Bacteriopheophytin (BPh) with bands at 530 and 760 nm. 

Fig. 1(0 MO.A.) shows the absorption spectrum of BChl in the chromato­

phore membrane wi th peaks at 375, 590 and 860 nm and a shaul derat 800 

and 770 nm. Ni nety-fivepercent of thi s absorpti on is caused by the 
• 

. light harvesting pigment system (B 590-860). 
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We have measured the effect of acid (HC1) '~iith pH-values from 7to 
\ 

4. Only sma 11 changes in the absorption and fluorescence spectra .coul d 

be seen. The pigments are embedded in a protein environment and are 

protected againstpheophytinizatjon •. But if low pH is produced by 

fa-ty acids, a detergent effect can be seen. O.A. dissolved in ethanol" 

was added to the chromatophores suspension to. give a' fi na 1 concentrati on 

of 5% ethanol. The 860 peak disappears and at medium concentrations 

of O.A. (Fig. 1,7.5 • 10-3 M O~A.,.pH 4.85) a pigm~nt is produced that 

ab~orbs at 590 and 770 nm (B 596-770), at high concentrat{ons (Fig. 1, 

10-2 M O.A., pH 4. 75) one that ,absorbs at 530 and 760 nm (a 530-760). 

a 590-770 looks similar to aChl in vi tro, whereas a530-760 resembles 

BPh .l1lvi tro. aecause' the chromatophore absorption spectrum represents 

mainly the light harvesting pigment system, the big change in the spec­

trum suggests interaction of O.A. wi th this sys tem. One interpretati on 

is that O.A. extracts the pig~ents out of the membrane. To test this, 

we centrifuged the chromatophore suspension "treated with O.A. for 60 min. 

at 200,000 g. No pigments were found in the .·supernatant. The pellets 

.resuspended in this buffer solution not only demonstrated that most of 

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

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

fact goes to 850 instead ofa60 om. With lower O.A. concentration, 

more 770 species is· produced and in the reversibil ity experiment this 

peak shifts back to 860 nm. This suggests that the pigments absorbing 

at 76'0 and 770 nm are not detached from the protei n carri erand that 

the CHhl and BPh cangp back into the o~iginal spatial positiori. The 

decrease of the 860 nm peak (f,: = 127 mMc~·-1)9. as a functi on of the 

added O.A. concentration, gives us information about the total number 

• 

• 
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~ffattY acid molec4les that are involved in transferring one pigment 

molecule B 590-860 to B 590-770 or B 530-760. This function has a 

broad minimum of about 100.A.' molecules per converted BChl. 

Itis i'nteresting to compare our spectral changes with the' resul ts 

of Cellarius et ~.10, who investigated the incorporation of BChl a 

into the membrane during the synthesis of the energy conversion apparat,us 

in Rho"dopseudomonas 'strain 2.4.l/Ga. In the transient time he noticed 

pigments absorbing at 530, 760 nm and at 590, 770 nm. It would seem 
, 

that the a.A. treatment is changing the system back to the state it was 

in during this transient time. 

I 

i, 
i' 

a~r interpretation of the spectral observations is, that the protein­

pigment complex is unfolded under the influence of the fatty acids. 

The BChl molecules are exposed to the solvent but not detached from 

thepr.otein bearer and show a spectrum similar to BChl in vitro. Low 

pH is now able .to remove the Mg ion from the exposed BChl, giving rise 
! ! I 

to a spectrum resembl fng BPh in. vi tro. Centri fugati on and resuspensi on 

of the chromatophores removes the fatty aci ds and produces a reaggre­

gation of the pi gments. The reaggregated B 530-760 has an absorpti on 

band at 850 nm, whereas.,B 590-770 is rever~ed to B 590-860. 

Fluorescence and'activationspectra are compatible with this inter­

pretation. 

The disaggregation effect and the decrease of the interaction 

bet\'Ieen pigment molecules can be measured by circular dichroism. In a 

recen,t report we have shown that O.A. breaks up ,dimers of BC hl in the 
" 11 

chromatophore membrane. . 

Another consequence of the unfolding of the protein-pigment complex 

is the change in the energy transfer efficiency. This efficiency of 
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energy transfer in the lowest sing.let state of theB 590-860, pigment 

system can be investigated' by fluorescencedepolarizationl~. When one 

13' 590-860 molecule absorbs light at 860 nm and the same molecule emits 4' 

the exci ted energy in the form of fluorescence at 900 nm, then the 

absorption and emitter oscillators are parallel (B 590-86Q cannot 

rotate during the lifetime of the excitedstat~ within the membrane) 

and the p-value should be 0.5. 'The p-value is defined as (III - IJ.)/ 

III + IJJ where I'lt I,L' is the fluorescence intensity with the electric 

vector of the exciting andfluoresc::ent light parallel and perpendicular 

respectively. If energy transfer occurs between molecules withrlif­

ferentorientations, then the'p-value is less than 0.5. In chromato­

phoresthe excitation energy is transferred to other molecules, before 

fluorescence emission occurs. Weber14 has derived a formula for the 

depol ari zati on effect of ene,rgy transfer i n ra~domly oriented 

molecules: 

'. 1 ' 1 ..... 
~--(l +i1) 
PO 3 .. 

Here Po is . the intrinsic p-valuefor a molecule that does not transfer 

the excited state ene,rgy, n is the average number ·of energy transfer 

steps. and Pn is the p-valu~ after n evergy steps. To compare the 

B 860 molecules with randomly oriented molecules is a rough approxi­

mation, but gives' an insight into the order of the number of energy 
, 

transfer steps. 

In the chromatophore suspension w~ have measured a p-value of 
. . '. . 

0.062. Upon adding O.A. ·this 'value increased up to as high as 0.5. 

It is worthwhile mentioning. that values as high are very seldomfound. 

" 

., 

. r 
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Recently Ebrey and Clayton13 have also seen such a high value in 

reaction:center preparations. With the above mentioned formula of 

Weber, we cal cu1 ated the average number of energy trans fer steps. 

This number drops from about 8 to zero with increasing O.A. concen­

trations (Fig. 2). 

p-Value measurements in the species absorbing at 760 and 770 nm 

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

When the reaction center that Reed and Clayton 12 were able to iso-

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

865 and 803) is oxidized by light or chemically, the 865 peak disappears 

and the 803 peak is shifted to 793 nm7• This kind of spectral change 

can be seen in whole chromatophores despite the other absorbi ng pi g-" 

ments, by difference spectroscopy. Fig. 3 shows the difference 

absorption spectra of two equal chromatophore suspensions, \O/here only. 

one of the suspensions" is in the l.ight. The exciting light intensity 
, 

at 590 nm is kept low, so .that the optical density decrease around 

865 nm is proportional to the exci"':inglightintensity. The difference 

spectrum of the chromatophores alone shows a negative band at 865 nm 

corresponding to the 86"5 bleaching in the rp.action center, and a nega­

tive and positive band at 803 and 793 nm corresponding to the shift in 

the reaction center. The bleaching at 865 (600865) is proportional to 

the concentration of P 870+ and at the same time to the driving power 

of the electron transfer processes. Fig. 2 shows that O.A. inhibits 
. . . + 

the production of P 870. It can be seen that 5% ethanol also decreases 

the b leachi n9 effect and that the addi ti on to these ofl ow concen­

trations of O.A. actually increases P 870+ production initially. 
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Similar sensitization effects in the presence of ethanol have been 

demons trated wi th low fatty ad d concentrati bns~ ; n the oxygen uptake 

of Boletus V~riegatus3. The bleaching is also sensitive to th~ pH, 

exhibiting a broad maximum at pH 5.5. At higher G.A. concentration 

the P870+ production is inhibited. A better measure of the effi-

ci ency of the bleaching is the rati 0 of the. opti ca 1 densi ty change at 

865 nm di vi ded by the amount of absorbed 1 i ght of the ext; ti ng beam. 

In Fig. 3 this efficiency is approxima~edbYAOD865/00560. Fig. 3 

demonstrates the partfaJ reversfbil;tYof the bleaching inhibition. 

At higher O.A. concentration th~ 'reversibility is poorer, PJ'obably 

because more BPh is produced and· also because not enough B 5'90-860 

is reproduced. At lower concentrations the inhibitory effect of C.A. 

i sl ess comp 1 ete~ 

l~e undertook NMR measurement on different sample solutions w; th 

the same condi ti ons 'as . the one used for the optical i nves ti gat; ons, , 

except that most of the water was replaced by O2° and that a small 

amount of water soluble internal standard DSS was added •. The 0-5 ppm 

. spectrum (Fi g. 4) 'of the chromatophores wi thlO-2 M O.A. and the usual 

5% ethanol was ta~on,a 220 Mcps instrument .of Varian. The main 

peaks came from ethanol, water that was not replaced by 020 and OSS. 

The nuclear spi ns i gna ls of the chromatophores' are too broadened to 

be seen; the molecular weight of the chromatophores is 30 million 15 . 

We tried to see the CH2 protons near the carboxyl group in O.A. 'at 

about 2.3 ppm, the other resonance peaks probably overl apping wi th the 

ethanol and the water lines. We used maximal receiver and signal 

Wpp 1 i tude gain and optimi zed the RF-fieldampl i tude. In the regi on 
""., r .' 

--,..... ".'. 

1 

i, , 
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around 2.3 ppm ('Fig. 4) no signals could be s~en from the chromato­

phoresalone .. 10-2 MO.A. alone provides a triplet. In the mixture, - . ' .. 

chromatophores with 10-2 M O.A., we see that the CH2 resonance peaks 

are broadened, but only slightly, so that a reasonable signal ampli­

tude can still be seen. This suggests that O.A. molecules are not 

ti ghtly bound to the chromatophore membrane and that the -CH2-COOH 

end of O.A. still has a high degree of motional freedom. with most of 

the O.A. bound to' the membrane. When we centri fuged the chromatophore­

O.A. mixture,' the spectrum of the supernatant shows the ori gi na 1 1'0-2 H 

O.A. triplet lines. This rules· out an alte'rnative explanation for the 

chromatophore.-O.A. spectrum. i.e .• that the lines represent O.A. mole­

cules not attached to the membrane" but broadened by paramagnetic ions 

that could be extracted from the photosyntheti c membrane. The pellets 

were res'uspended at twice the ori gi nal conceritrati on. The spectrum of 

this sample shows that there is only a very small amount of O.A. irre­

versi b ly attached to the chromatophores. 

Most of the above described experiments ware repeated with the 

neutral ester of O.A., methyloctanoate(M.O.). At pH 7 there is only 

a minor interaction between M.O. and the photosyntheti c membrane system 

with concentrations of 10-3 to 10-2 MM.O .• but at pH 5 M.O.~ehav'es 
1 i ke O.A. Only small changes are seen in the photosyntheti c membrane 

at pH 5 without addition of O.A. or M.a • . We conclude that a lo~, pH 

makes the photosynthetic apparatus accessible to M.O. and O.A. and 

that it is the neutral form of O.A. which is important for the inhibi-

tory action. , . 

The fact that centrifugation alone separates O.A. and M.O. from 

the membrane and the results from the NMR investigations show that 

/ 
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the interacti oni s very weak. The CH2 group near the carboxyl group 

has a lot of freedom to move wi th the carboxyl group, probably ina 

water envi ronment. 'The hydrophobi c" tai 1 interacts wi th the hydro­

phobic parts of the proteins or with the lipid part of the membrane. 

()nly about 10% of the fatty acid molecules are interacting directly 

with. the protein-p,igment complexes converting B 590-860, \llhereas 

most of the rest is probably dissolved in the lipid part of the membrane. 

'The biphasic .character of the P 870+ versus G.A. concentration in 

Fig. 2,.with a se~sensitizin9 effect at low and a inhibiting effect 

at high O.A. concentration, could be explained in the following way: 

When mitochondria are lipid-depleted, many of the membrane-bound 

enzymes of the electron transferring system lose their activity. 

When puHfied phospholipids or ot~er polar lipids are re-added, the 

activity is proportional to the amnunt of lipid taken up by the mito­

chond ri a and the functi on of the electron trans ferri ng sys tem can be 

respored16 . In a similar way O.A. could enhance the hydrophobic 

interaction between apolar hydroc~rbon. chains._andthe apolar region 

of the electron transferri.ng en~ymesin the chromatophores, increasing 

thei,ractivity. The result would bea higher steady level of the 

P 870+ concentration • 

. There are three porphyrin-protein.complexes, where the 'three 
, 

dimensional structure is known by X-ray diffraction analysls (hemo-

globin,'7, mYO~iObin18, cytochrome c'9). In' all these complexes the 

porphyrin ring is located inside a hydrophobic crevice. Also in the 

prote"in-pigment complex os Chloropseudomonasethylicum, investigated 

by· Olson et 21.-20, the BChl .. seems to be hidden inside a hydrophobic 

• 

t' 

t 
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protein environment. In Rhodopseudomonas spheroides the 8Chl is pro­

. tected ina simi 1 ar way, as is expl ai ned above. The hydrocarbon 

chains of the 10% O.A. molecules that are changing B 590-860 to 

13 590-770 or 8530-7GO are probably located in such a hydrophobic 

c!,:,evice, separating the porphyrin ring from the direct contact with 

the amino acid side chains of the protein. The original protected 

BChls are flOW exposed (B 590-770) but still attached to protein, and 

a low pHis able to' pu 11 some of the Mg ions o~t of the porphyrin 

ring (B 530-760). These two pigments are decoupled from the remaining 

BCh 1 in the ill..Y.iY2. .a.ggregate. . The energy trans fer mechani sm in the 

remai ning B 590-860 becomes i neffi cient through i ncreasi ng the average 

distance between the B 590-860 pigments by statistically shifting 

ill vivo pigments to absorbing species at 770 and 760 nm. Fig. 2 shows 

that the drop in the ,nulTiber of ene.rgy trans far steps correl dtes wi th 

the inhibition effect of O.A. It means that the absorbed light isn,o 

longer efficiently transferred to the reactlon center •. 

An additional inhibitory effect of O.A. c~~ld be.the interaction 

of this molecule with the reaction centers themselves. 

Acknowledgements 

One of us (H.S.) was supported byF. Hoffmann-La Roche, Ltd., 

Basle, S~'itzerland. This work was supported, in part, by the U.S. 

Atomic Energy Commission. . ' 



-12-

References 

1. Hoffman, COl Schweitzer, T. R., and Dal~y, G., Food Res. , 4, 539 

(1939); Rahn, 0., in lrijuryarid Death of Ba'cteria by Chemical 

.2. Agents, 170 (Biodynamica, Normandy, 1945); Prince. H. N., 

J ; ~,Bacteriol.,~. 788 (1959). 

« f' 
o r 
~)- I~· 

I 

/. 

7' 15~ 
',i
6,' •. ~; 

q :7. ' 
I:
to \ 

i 

t I 8. 

Neal, A. lo, Weinstock, J. 0., and Lampen, J. O.,.!h. Bacteriol., 

,90, 126 (1965). 

Pedersen, T.A."PhysioL Plant .. 23, 654 (1969). 

Pedersen, T.A., Kirk, M •. , and Bassham, J. A., Biochim. Biophys. 

Acta, 112, 189 (1966). -- . 
Clayton, R. K., Bacteriol., Rev., 26,,151 (1962). 

Clayton, R. K .. Review in Photosynthesis, to be published. 

Clayton, R. K., in The Chlorophylls (edit. ,by Vernon, L. P~ and 

Seely, G. R.)(Academic Press, 1966); Sauer, K., Dratz, E. A., 

and Coyne, lo, Proc. Nat. Acad. Sci. U.S., fl, 171 (196B). 

Arnold, W .• and Clayton, R. K., Proc. Nat. Acad. Sci. U.S., ,i§., 

769(1960)., 
, , 

I il. 9,.,' Clayton, R.' K •• Photochem. Photobio1., i,'669 (1966). 

I;' lb. 

" , 
i , 

/ '-I 11. 

1/ (l~. 

Cellarius, R. A.,; and Peters,G. A., Biochim. Biophys.Acta,'89, 

234 (1969). 

Steffen, H., and Calvin, M., l3iochem.Biophys. Res. Commun~, ll" 

282 (1970). 

Reed, D. W., and Clayton, R. K., Biochem.' Biophys. Res. Commun.; 

lQ., 471 (1968). 

Ebrey, T. G., and Clayton, R. K., Photochem. Photobiol., lQ., 109 

(1969-) • 

" " 

• 



11 
: ·0 

I~ 

1\ 

(0 

t-' 

-VV 

2) 

c' 

-13-

References ( con ti nued) 

l4. 
/ 
I 
I 
I 
I 

15. 
I 
\ 
I 
I lr· 
I , 

1 1 • 
I 

19. 
I 
i 
i 

~O. 

Weber, G .. in Fluorescence and Phosphorescence Analysis (edit. by 

Hercules, D. M.) (Interscience~John Wiley, 1966). 
I 

Schachman, H. K., Pardee, A. B., and Stanier, R. Y., Arch. Biochem. 

Bi ophys .. , l§., 245 (1952). 

Brierley, G. P., Merola, A. J' t and Fleischer, S .. Biochim.Bioph,Ys. 

Acta, §.i, 218 (1962). 

Perutz, M. F., Science, 140,863 (1963). 
- •. f 

Kendrew, J. C .. Science, 139, 126.1 (1963). 

Dickerson, R. E., Kopka, M. L ,Weinzierl, J. ,Varnum, J., Eisenberg, 

D., and Margoliash., Eo, J. Biol. Chern., 242, 3015,(1967). 

Olson"R. A •• Jennings, W. H., and Olson, ,J. ,M •. Arch. Biochem. 

~ i oph'ys • , 129,30 (1969) • 

.. . ; .... , 
.. '.- \ 

i 



-14~ 

Figure Captions 

Fi 9 .1 

Fig •. 2 

Fi g~ 3 

Fi g. 4 

Absorption spectra of ° M (pH 7~5)J l.i x 10-3 M (pH 4.85), 

'and 10-2 M (pH 4.7S) octanoic acid ineq.ui)ibrium with the 

chromatophore suspension. 

~ , 

Average number of energy trans fer s t~ps in the 860 nm 1 i ght 

absorbing pigment system compared with the % change (rela­

.ti ve to .the chromatophore suspensi on wi thoutO.A. and wi th"; 
: . 

out ethanol) of the P 870 bleaching a~ a function of the 

O.A. conceritrati on. 

The reversing effect of centrifugation of a chro~atophore 
'. -3 . 

suspension treated with 6.25 x 10 .. !iO.A. on the light~dark 

di fference spectra. 

The NMRspectrum of a chromatophore 'susepnsion with 10 .. 2 M 

O.A. J where most of the water is replaced by D20. The proton 

. signals of the CH2 group near: the carboxyl and at abo'ut 2.3 

ppm are shown strongly amplified in different sample suspen- . 

s ions and so 1 utions • 

, 
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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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