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' ABSORPTION CHANGES IN BACTERIAL CHROMATOPHORES II A NEW CHLOROPHYLL—

. LIKE PIGVBNT FROM THE OXIDATION or CHROMATOPHORES FROM RHODOSPIRILLUW RUBRUM

Edwxn S Gould * Irwin D. Kuntz, Jr.,-* and Melvin Calvin

Laboratory of Chemlcal Blodynamlcs, Lawrence Radlatlon Laboratory, sk f,
_ and Department of Chemlstry, Unlvers1ty of Callfornla, Berkeley, Callfornla-x"'
.AAbstractv-EVLdence is presented whlch p01nts to (at least) two |
"ﬂbound forms of bacterlochlorophyll present in chromatophores of

t;Rhodosplrlllum rubrum, both of them readlly converted to unbound v

'fﬁ-bacterlochlorOPhyll (abs. max. 770 mu) when the chromatophores ' '{5«;ﬂtf’:1v~

‘45fare'extracted with acetone or ethanol; Controlled oxidation:of o

J;f:'the chromatophores with Ir(IV) or thh Zn(II) and ferrlcyanlde

ir preferentlally destroys the more strongly absorblng pigment (abs.zn
:ﬂimax. 880 mu) but brlngs about only a sllght decrease ln the magnl—a
‘Jhtude of the photolnduced absorptlon changes at 810 and 792 mu.__i;
TiSuch‘ox;datlons y;eld a new p;gment, absorblng at 715 my ln the
ti}aqueous.preparation‘and:lmore strongiy,Aat.GSOessu mu when‘the -
:?;plgment is extracted into organic solvents. ThlS plgment is -
";fformed 1rreversxbly and is therefore dlfferent from the materlal

: formed-by photooxfdation of chromatophores. «Its visible spectrum ;'

7f:and the spectrum of the’ materlal formed from 1t by acldlflcatlon ‘fl*vffV
f@usuggest that lt is a chlorophyll~llke substance, possxbly derived
- from bacterlochlorophyll by (two-electron) ox1datlon of one of the.
dlhydropyrrole r;ngs to a'pyrrole ring. ,Dlrectlons are given for,ii:_:ut,
'vseparation ofithis_pigment from other:colored compounds present‘ -

~ in the oxidation mixtures.



’:1;;ductlon of unpalred electrons (9), and may be . reverSLbly dupllcated by

A oxldatlon is . contlnued untll the peak at 880 my dlsappears,_leav1ng a’
"h much smaller peak at 810 mu, extracts of. the resultlng preparatlon Stlll

S exhlblt an absorptlon peak at 770 mu Wlth a helght correSpondlng to about

« *National Institutes of Health Special Postdoctoral Fellow,'University' -

" of California; l963-6ﬁ.- Present address: Stanford Research Institute,.f o

Menlo Park ‘California. - =

='~-Nat3.onal Sclence Foundation Fellow, 1963- 64
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-Q.f"nThls work was sponsored, in part by the. U. S. Atomic Energy Comm1531on.,f5}h'

There is a grow1ng body of ev1dence which suggests that ohotomnduced

',Ji}absorptlon changes in bacterlal _systenms_ are related to photosyntheSLS. 7Inf*?

- :f;certaln bacterlal chromatophores, such changes are acccmpanled by the pro-.'V‘

"fafcareful treatment w1th such "one-electron".oxldants as hexachlor01r1date(IV)i

' or ferrlcyanlde. (8) An 1nterest1ng facet of such ox1datlons lS the lrre-f
:h‘ver31ble bleachlng of the pr1nc1pal plgment whlch often occurs.'v'n
For example,_oxldatlon of chromatophores from R. rubrum thh IrClu _

f_or Fe(CN) has been shown to remove much of the absorbance at 880 my w1th

however, llttle or no decrease in the magnltude of the photoxnduced absorp-;ﬂ" )

o tion changes (8) or the ESR signal. (9) Whenfchromatophore preparatlons are?.fj_j

;extracted wlth ethanol or acetone at varlous stages during the progress of
lj-such ox1datlon, the helght of ‘the bacterlochlorophyll peak at 770 ‘mu (5)

iff(ln the organlc solvent) decreases as the oxldatlon proceeds. When the fn

20% of the bacterlochlorophyll present in the unoxldlzed chromatophores, f
S in keeplng w1th the view’ (9,»8 22): that the bacterlochlorophyll ln such

' chromatophores is present in (at least) two forms whlch dlffer markedly

'.,
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. during tbe_early ataées‘of oxidation, but;with excess ogidant,vit is
a;ment of:the aey pigment, eitheriin aqueous or‘in”qrganic‘media, with
Vabsorbanaé; 3The‘pigﬁent thus does not correspond to the material which -
rubrum chyématophores. Moreover, it presumably ddes not itself underga {f;"?y'??;

photooxidation, for the photoinduced spectrum of chromafophores which

“have beén partially oxidized with Ir(IV) shows no dip at 715 mu comparablelﬁﬁ'aa'ﬂl

~from residual
'prresent in chromatéphores by‘chromatégraphy on pbwdéred polyethylene (l),){ SR

_cation of the solution with HCL.

_with the character of the spectral shifts upbn,acidificatidn, indicate -

strongly that the'greén pigment is a chlorophyll—like materiai and that

“in their.photocﬁemical activity and in the ease with which they are

OXiaized(',

During such oxidations, the disappearance of the 880 mu peak is
accompanied by the appearance of.a much smaller peak {in water) at | - o
715 mu which, upon extraction into acetane,.ethanol, or ether, leads L . ;
to a relatively more intense peak at 680-684 mu..

. The pigment exhibifing this absorbance is not present in sighifi—:

cant amount in unoxidized chromatophores. Its concentration increases EEE i
slowly consumed. - The conveﬁsion'appears to be irreversible, for treat- '
ferrocyanide or with dithionite fails to restore the bacteriochlorophyll

is reversibly formed by photooxidation or careful chemical oxidation of f'f'g

it e 4 e s Sy o e e o = w t pae 3y e prei e . on e

to the very Iarge.minima at 865-870 mu,

The'spectrumtcf thév(gfass-green) pigmant,_which may be separated:1 -
AR , ‘ o - g
non-oxidized bacteriochlorophyll and from the carotenoids

is shown in Figure 1, together withthe spectrum resulting from acidififvif° f'7f;5*n

-

.

The positions of the two principal maxima of the pigment, together : B '1ﬁ'ff;§

[P
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acidification has produced a pheophytin. (11)- No isolation.of a chloro-
phyll havxng spectral characterlstlcs correspondlng to our pigment

appears to have yet -been reported although there is some evidence that

this plgment is formed by the oxldatlon of R. pubrum w1th benzoqulnone. (7)

Concentratlon of solutions of the plgment yielded a black gum, but the f.‘W' S

pigment has'not'yet been obtained in crystalllne form. .
The similarity of its visible and ultraviolet spectrum to that of

chlorophyll 4 (ll,'lo)‘and its mode of formation by mild oxidation of n

. bacterlochlorophyll suggests that our plgment is derlved from bacterio-’ _Ivdﬁbv

K
k

chlorophyll by ox1datlon of one (but not both) of the dlhydropyrrole
rings to a pyrrole.r;ng. (6)

EXPERIMENTAL

Changes in photoinduced absorption changes with oxidation. Both

‘,tHeworeparation>of chromatophores from Rhodospirillum rubrum (8) and the {vf;-ﬂ."

’method_for measdring'photoinducedvabsorption changes (9) have been

desoribed.4 Oxidations with Ir(IV) were carried out by adding small -

portions of a solution .of KaIrCLg (10 mg/ml) to a suspension of chromato—,;fﬂ~,;'

phores buffered at_pH 7 (OﬂOl E_.Na‘?HPOu + 0.01 EﬁNaHzPOu); such absorp4

‘tion changes that occurred took place almost immediately at 0° C. For";‘éﬁfurif5é
_the ferricyanide'oxidations; solutions were 0,2 £ in K3Pe(CN)6'and 0.05”2;*“1f‘f¢.4'

~in Znsoq; here, absorption changes were much slower and occurred over a -+, °

-

,f_perlod of 3-8 hours, even at 25° C. Our chromatophore suspensions were

" less reSLStant to ox1datlon than  those reported prev;ously, (9) typlcally;

'-_5 ml of chromatophore suspensxon, optlcal density 3 0 at 880 mu. (contalnlng
about 6 mg of drled chromatophores) requlred less than 3 mg of- K2IrCl6
" at 0°_for-ox1datlon to the,stage at whlch absorptlons,at 820 and 715 mp

were oomparable.vQ‘
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‘remained after the absorption peak (in this case, near 860 mu) had

| =5-
In our hands, there was slight but definite diminution in the
magnitude of.the'photoinduced.absorption during the early stages of

oxidétion,_both'ﬁith ferricyanide and with Ir(IV). Figure 2 indicates

.the progress of the relative light-minus-dark response, taken as the '
difference in absorbance between the minimum at 810 mp and the maximum

at. 792 mﬁ in the photoinduced'soectrum,,as_fhe pigment(s) absorbing . °

near 880 mu is consumed by oxidation. Typically, only about 10% of
the photoindﬁced absorption changes are affected by oxidizing éway
about 70% of the peak near 880, and almost 40% of the light-minus~-dark '

response remains, even when the (shifted) peak height near 810 mu hasf

‘become less than 10% of the 880 peak in the unoxidized chromatophores.

There is some indication that in.the presence of the surfactant jj' 

Triton X-100,(0.5% aqueous solution), the oxidation with Zn(II) and

i

H

ferricyanide may be even more selective. In two separate -experiments [ .

with this combination of reagents, about 90% of the light-dark re3ponse'; 

N\

- dropped to lS-l?%lof its height in the unoxidized material. 'HQWQVer;_
the procedure_is.capriéious; often the oxidation was extremely sluggish
"and much less of the photoinduced response was observed with the partially R

" oxidized pre?hratioﬁ., Oxidations .of chromatophores with cerium(IV) éulfafe_fffi-g

and the'g;phenanthfoline complex of iron(III) were not promiéing; with.

-: both of these reagents, rapid coagulation and precipitation occurred. jA”"“
Y5Oxidations with ferricyanide (in the absence of zinc and triton);_withﬁ
"hydrogen peroxide, and with air‘were'inconveniently slow at room tempera=- R

‘tures,



--w-lof the chromatophore preparatlons from whlch the extracts are derlved. :Intﬁ

e

 Absorbance of bacteriochlorcphyll in acetone extracts of partially o

okidized chromatophores. In a number'cf experiments the fall -off of

"the 880 peak durlng the oxldatlon of chromatophores was compared w1th T

:fthe dlmlnutlon of the bacterlochlorophyll peak at 770 m ln.the_acetone'f“/vvl

. extracts of. the partlally oxldlzed materlal. Since bacteriochlorophyllf
1solutlons in organlc solvents are readlly.oxldized by air, extraction '

© of chromatophores and spectral measurements Were carrled out under
’ )

‘nitrogen. Typlcally, a sample (orlglnal optlcal density about. 3. 0 at 880 mu)

partially‘ox;dlzed with Ir(IV) was measured into.a 1 cm}cuvette, two drops .

" of L F scdiumfdithionife added, ‘the cuvette tightly covered with a rubber;ti!>”*

serum cap, and air removed by flushlng with nitrogen. The sample was '

then dlluted with from 10 to 30 tlmes its volume of acetone- (whlch had ‘.d ”Eﬂaff"

: prev1ously been boxled to remove dlssolved alr), addzng the dlluent
' i

through the cap us;ng ‘a volumetric syringe. When the preclpltated pro- }u ,f{lﬁ;‘

'_”teln caused dlfflculty durlng spectral measurements, the capped cuvetteﬂ&

was wrapped in foam rubber to protect the edges and corners, placed in ff

a 40 ml centrlfuge tube, and centrlfuged._ ;_ o o l7;§t':ff‘

In Flgure 3, the absorbancxes at 770 mu’(relative to.the absorbancé SRR

_in an extract of unoxldlzed chromatophores) are compared to the absorbancles

" Curve A, the_chromatophore absorbanc1es at 880 my are plotted' Curve B

represents the relatime absorbancies at the peak near 880. At first the
“ two curves c01nc1de but as the chromatophore peak pOSltlon shifts to R
f_shorter wavelengths, the optlcal den51ty at 880 falls well below that at I

: the peak p051tlons.' Durlng the early stages of the oxldatlon the 880

g peak height for the chromatophores falls. rapldly and the bacterxochlorophyll

i




- in maximum yield in the two oxidations.

_peak‘at 770fin'the'acetone extracthdisappears much more'slowly as ‘the

most strongly absorblng plgment in the chromatophores is preferentlally
consumed. Thus "when the 880 absorbance has dropped about 750, the 770 -
absorbance in acetonerhas-dropped only about 2u%.

Development and'deetruction of the 680 pigment:. The 680 absorbance '

in acetone appears lmmedlately at the onset of oxldatlon and reaches a

maximum when the 770 absorbance has dropped to about half its initial

value. The rate at which the 680 pigment is eobsequently destroyed by -

 further oxidation depends markedly on ‘the nature of the chromatophore

sample., For example, a sample of rubrum was sonicated and centrifuged

at 40,000 X g for 30 minutes (9), after which the supernatant (containingl Sl

 small chromatophore aggregates) and the residue (containing cellular -

debris and larger aggregates) were separately oxidized and extracted

'_w1th acetone. Wlth the smaller aggregates, the 680 absorptlon dropped a{5<frt( ;

'.'off rapldly after ‘reaching its maximum value, falllng over 50% as the.,V

770 absorbance (initial value 1.28) dropped from 0.75 t6 0.30. With

~ the larger aggregatee, the 680 absorbance stayed near its maximum valuerl' )

o untll about 900 of . the 770 pigment had dlsappeared Withbboth samples,d?f;"

however; the 680 absorbance in the reglon of maximum yield was about
\

5% of the initial absorbance at 770 mp, 1nd;cat1ng llttle‘dlfference

-

Separation procedure. ‘Rubrum cells from 10 liters of culture (9, 4)'Qi.d

’

were collected by -centrifugation, buffered;_sonicated, and recentrifdgeddvd”

“at 40,000 X g for .25 minutes. _The pigment could be obtained by‘oxidation'“'kd'

cither of the residue or the supernatant, but optimum oxidation conditions .=

for the two fractions were. generally different. Because of differences



compounds in solution, a preliminary oxidation of a small portion of-:

_ qL;antlty of KZIrCl6 solutlon (0.02 M) added dropwise with Stlrrlng. Thel:ilise.
:-npreparatlon was allowed to stand for lO minutes after addltlon of the?
d‘,0x1dant ‘then added to 2 5 times its volume of acetone.. The Preparatioh&:

'“f was centrlfuged, the supernatant‘takeh; the residue extracted'once Wifhrdfgﬁ’”

"~ 75% acetone, -and the extractions added to the supernatant. The combihedt o

approx. 730 mu) whlch appeared to be formed from bacterlochlorophyll by

: air ox1datlon.v Subsequent elutlon Wlth 85/15 acetone-water separated f;_
fthe greenﬁoignentvfrom the more strongly adsorbed plnkvcarotenOLds;aﬂiﬂ
"bAlthoﬁgh the 680 Pigment-is much'less sensitive to air oxidation thah d_ii.in

i lp bacterlochlorophyll its solutlons deterlorate slowly in alr w1th
':f. the formatlon of a yellow plgment (whlchvhay be separated by rechromato- s
“d graphlng on polyethylene);\hence, all subsequent operations were carrled-éfih

¢ “out at‘or.below room temperature. The solutlon Qf the greeq plgment in ;ff[ﬁ'

. When a green o;l separated the preparatlon was extracted ‘with chloroform

-8

among cell batches ahd_variabilitx‘of the content'of'oxidizablefsulfur

s e e st e e e e s e i

each‘batchlwas carried_out to detenmine'the optihum ratio of oxidant tob

880 pigment. ‘Typically;,a 2.0 ml sample,~optical density 10.5 at 880 mu;;‘h{ "_4
(contalnlng pr1nc1pally large chromatophore aggregates) requlred 1.6 mg *-;?ﬁ. j' }"!
of KQIrCls for the max1mum yleld of 680 plgment in the acetone extract. :

The chromatophore suspensxon was. cooled to 0° C, and the calculated _471;l¥':z

i

. 1
ST

[N SR 2 y
. 1

1

t

1

solution'was put onto a'tightly-packedlcolumn_of powdered polyethy‘lene.’(s)= »5-g?§€f?

The column was. flrst developed w1th 3/1 (v/v) acetone—water, Whlch eluted '251:"

both bacterlochlorophyll (blue) and an addltlonal plgment (abs. max.

“ aqueous acetone was concentrated by bubbllng dry nltrogen through rapldlylfiv:}

(a small quantlty of added sodlum sulfate alds the separatlon of phases S

ETANE

here), the . chloroform extracts drled with anhydrous sodxum sulfate, then 3ff';7f



* (almost black) gum-llke materlal Whlch remalned was very soluble in
b"acetone, ether, the lower alcohols, chloroform, and carbon tetra-

'chlorlde, giving brllllant green solutlons in. each. It could be pre-

c1p1tated from solution in ether or chloroform by addition .of isopentane

. and coollng to -40° but the "solid" became oily and sticky on being

- warmed to 0°. All attempts to crystalllze the green pxgment falled.

Spectra. The visible and near-ultraVLOlet spectrum of the plgment

'(approximately 10=% molar in acetone) is shown in Figure 1, together

with the product obtained by adding a trace of HCl.

 The infrared spectrum (DCCly solution), Figure 4, shows two bands.

'(2800 ahd’2860 cm*l) in the C-H stretching region and several in'the’
c=0 stretchlng reglon.t The broad band at 3400 em~1l might be hydrogen- C

'bonded hydroxyl groups from the compound or from an 1mpur1ty..

A satlsfactory NMR spectrum of the plgment, elther in deuteroacetone

or deuterochlqroform, was not obtained. Saturated (and very viscous)
' golutions of the pigment in CDCla.exhibited a number of proton resonances .-
- between Sovand_330'c.p.s, (Figure 5) relative to tetramethylsilane, pos=. .

sibly dde-invpart to decomposition products. However, the resonances

_ evaoorated agaln by pa851ng dry nltrogen through. The highly colored - .

between 480.and 600 c.p.s. associated with the methine bridge protons in ...

'No lmprovement in- the sPectrum could be achieved by dllutlng the solutlon :

a or by transferrlng the plgment to- deuteroacetone.

_chlorophylls and in similar porphyrin derivatives (3) did not appear.. - '~"
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. Fig. 2.
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] - FIGURES

Specfra of the "680 pigment" and the producf derived from it

by acidification (about 10-% M in acetone).

Fall-off of photoinduced absorption changes in R. rubrum

'"(i‘chrométophores'with progressive bleaching of the absorption

‘[:péak near 880 myu.

E ‘rigf:3?'“

770 mu in acetone extracts derived from these chromatophores. . .

(R Absorbancies at 880 mu, (B) Relative absorbancies at the -fif

¢

Decrease of absorbancies in R. rubrum chromatophores with

'progreSSive oxidation by Ir(IV), and decrease of absorbance éf_"

, f"(éhift;ng) max imum near‘880'mu;

' 'Fige LI”Q..V

Fig. 5.

Infrared spectrum of the "680 pigment" in CDClz. -

- NMR‘speétruﬁ of "680 pigment" in CDCla_(concentrationihnknown;\;"‘ -

* but estimated at 0.02 M).
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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 infringé 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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