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K¢~, ~,ords: pt(fX gone: Photos~,nlhctic unit: (R. capsutatus) 

By deletion of the pu]X genc of Rhodobacter capsulatus from a plasmid carrying the puf opcron and complcmentatkm of a 
chromosomal puf opcron deletion, wc created pufX mutants and used them to characterize possible functions of the pufX genc 
product. The puflt" mutan t s  wcrc incapable of photosynthetic growth in a minimal medium, or in a rich medium at low light 
intensities, although second-site mutations suppressed this phcnotype. Measurements made in vitro with intact and solubilized 
chromatophoro preparations indicated that the individual complexes of the photosynthetic unit seemed to function normally, bul 
electron transfer from thc rcactinn ccntcr to the cytochrome b/c I complex was impaired. The structures of the photosynthetic 
apparatus of pseudo-wild type and mutant strains were evaluated using absorption spectroscopy and electron microscopy. The 
pufX mutants had intracytoplasmic membrane invaginations about 50q~- larger in diametcr than those of the pseudo-wild type 
and higher levels of B870 light-harvesting complex. It is concluded that the PufX protein plays an important role in the structure 
of the functional photo~;ynthetic unit. and its absence results in loss of efficient electron transfer from the On site of the reaction 
center to the Q, site of the cytochromc h/G complex. 

Introduction 

The light-driven formation of a proton gradient in 
the facultative photosynthetic bacterium Rhodobacter 
capsulatus normally involves three general types of 
polypeptide complexes: the light-harvesting antenna 
complexes (B870 and B800-850), the reaction centcr 
and the ubiquinol :eytochrome c~ oxidorcductasc (cyto- 
chrome b/ct l  complex. Collectively, these integral 
membrane complexes comprise what may be called the 
photosynthetic unit. The structures and functions of 
many of the polypeptides known to make up the photo- 
synthetic unit are well understood. The genes encoding 
all known protein components have been sequenced, 
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models have been proposed for their positions in the 
membrane and the three dimensional structures of 
reaction centers of closely related bacteria have been 
determined by X-ray crystallography [1]. 

Photosynthetic energy transduction is usually 
thought to begin with the capture of light energy by 
pigment molecules in the antenna complexes. In gen- 
eral, energy passes from pigment mofecules that absorb 
relatively higher energy (shorter wavelength) light to 
pigment molecules that absorb relatively lower energy 
(longer wavelength) light and finally reaches a reaction 
center. The light energy is trapped efficiently at the 
reaction center, where it is captured in the form of a 
charge separation acros:; the cytoplasmic membrane. 
The energy transferred tc the reaction ee,nter from the 
arffenn~ ?r~mple'z o~t ises  the oxidation of the bacterio- 
chlorophyll (ix:hi) a special pair. The electron lost by 
the special pair resides transiently on a bacteriopheo- 
phytin molecule and passes sequentially to two 
quinones (QA and On)- Meanwhile, the special pair is 
rapidly reduced by electrons originating from the cy- 
tochromc b/c~ complex, After a second photooxida- 
tion event the OB quinone is fltlly reduced to the 



corresponding quinol, with the requisite two protons 
having come from the cytoplasm, and leaves the reac- 
tion center [2]. The cytochrome b/c  t complex mediates 
the formation of a proton gradient as it oxidizes quinols 
and participates in the reactions leading to transfer of 
electrons back to the reaction center. The net result of 
the activation of two reaction centers is the transloca- 
tion of four protons from the cytoplasm to the 
periplasm, thus forming a gradient of both electrical 
charge (A~)  and proton concentration (3pH)  [2,3]. If 
light energy is not transferred to or trapped at the 
reaction center, it is released primarily in the form of 
fluorescence at longer wavelengths [4]. 

There is evidence that the three types of complexes 
in the photosynthetic unit are not randomly arranged 
in the inner membrane [5] and that disruption of this 
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arrangement can cause loss of the ability to grow 
photosynthetically [6,7]. 

Among the genes encoding the protein components 
of the photosynthetic unit are those of the puf operon, 
which includes six genes including genes encoding the 
a and fl subunits of the B870 antenna complex, and 
the L and M subunits of the reaction center. Down- 
stream of these genes is an open reading frame that 
has been designated the pufX gene. Although it has 
been known for some time that the pufX gene is part 
of polycistronic photosynthesis gene messages, no spe- 
cific function has yet been ascribed to the putative 
PufX protein [P-12]. 

We herein present the results of experiments which 
show that deletion of the R. capsulatus pup( gene 
impairs the ability of cells to grow photosynthetically, 
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Fig. 1. Representations of plasmids pTB999, pAX and pTL2. The latter two plasmids were made toy deletton and modification of sequences 
between the Tthll l l  and Fspl sites shown for pTBg99. The boxes represent structural genes and the ~ fragment is represented in pTL2 as a 
heavy black line. The sequences shown include the start codon of the pufX open reading frame, shown in bold type. The numbers a~,we the 
sequence refer to the number of ase-pairs downstream of the puf operon EcoRI site. Abbreviation~: B, BamHl" E, EcoRh F, F~pl: H. 
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altcr~ the characteristic stoichi,*metry ot B870 light 
har~'esting to rear:lion center complexes, and chan~:cs 
the average size of the nlcmbr,tne in~aginations that 
contain the photosynthetic apparatus. Other experi- 
ments on electron transport indicate that the ptff'X 
gone product is essential fi~r efficient transfer of cite- 
Irons from the reaction center O~ site to the Oz site of 
the cytochromc h/c~ complex. We conclude that the 
PufX protein is necessa~' for electron transfer within 
the photosynthetic unit. and is also required for correct 
assembly of the unit as a structural component and /or  
as a rcgtdalor of its assembly. 

Materials and .Methods 

Bacterial strains aml phl~mhts. The ~'ild type strain 
Bill of Rhodobacter ¢'~q~tth~tu.~ has been described 
[13.14]. Strata JR( '0  is a pt~f- derivative of Bill that 
has a 3316 bp chromosomal DNA deletion, l 'hc dele- 
tion extends from the Sail site located 411 bp down- 
stream of the start of the pttJ~.) gcnc to the )tTmll site 
488 bp downstream of the 5' end of the pufX gone, 
~ith the neomycin phosphotransfcrasc structural gone 
interposed between these two sites [9]. 

Strain .IRCfi crtD is identical to R. capsuhztus .IRC6 
except that it carries a mutation in the crtl) gent 
encoding a carotenoid biosynthetic enzyme, introduced 
by gene transfi:r agent transduction with strain DE442 
as donor [15]. Since the final prtxtuct of the carotenoid 
biosynthetic pathway in the crtD mutant is ncu- 
rosporcnc, the 501)-6011 nm region of the spectrum is 
simplified making :;valuation of the carotenoid band- 
shift and cytoehn~me absorbcncies much easier. 

Plasmid pTB999 (Fig. 1) carries the pufQ, B. H, L, 
M and X genes on a DNA fragment that extcl:ds from 
the ,¥hoii site located 348 bp upstream of the pt(f 
operon promoter to the Nrul site 620 bp do~nstream 
of the end of the pt(fX gone. Deletion of the DNA 
between the filled-in Tthl 1 tl and the Fspl sites in the 
puJX gene, tollowed by insertion of a Sinai linker at 
the site of the deletion, created a 174 bp translationally 
in-frame dclctio~.L in pt(fX. Substitution of this deleted 
gone lor the wild type gene carried on pi'B999 created 
tile plasmid pAX. Therefore, plasmid i~_ l',c is identical 
to pTB999 except for this deletion in the pufX gene 
(Fig. 1). 

Plasmid pTL2 (Fig. 1) is identical to p3X except 
that it has an Om,,ga (.~l) fragment (Amcrsham) in- 
serted at the dctction site, accomplished by insertion of 
a Hindlll linker in the Sinai site of pAX followed by 
insertion of an l~ fragment in this itindlll site. The ,el 
fragment carries transcription and translation termina- 
tors at both ends ~md the truncated pt~JX polypeptide 
encoded by pTL2 is only 17 amino acids in length, of 
which only the N-terminal methioninc is a pnfX residue 

(Fig, 11. (!ells of R. capstdatus ARC6 reconstituted 
with pAX or pTL2 were phcnotypically identical in all 
ways tested, but wc herein present the results obtained 
with pTL2. 

Growth conditions. All R. capsulatus strains were 
grown in RCV minimal medium [14], sometimes sup- 
plemented as noted in the text, at 34°C. High oxygen 
(aerobic) cultures were grown in flasks filled to 111% of 
their nominal capacities and shaken at 311(I rpm in a 
rota~ shakint; water bath. Oxygen-limited cultures were 
grown in flasks filled to 811% of their nominal volumes 
and shaken at 150 rpm. Photosynthetic cultures were 
grown in screw-cap tubes filled to capacity and held in 
a glass-sided water bath in front of tungsten filament 
light sources of varying intensity. All cultures used in 
growth experiments were inoculated to a turbidity of 
21t Klctt units (approx. 8- ]0 7 cfu/ml)  and growth was 
followed by measuring the turbidity of cultures using a 
Klett-Summerson Colorimcter equipped with filter No. 
66. Photosynthetic cultures were inoculated from oxy- 
gen-limited cultures in stationary phase. Dark anaero- 
bic cultures wcrc grown in RCV medium supple- 
mented with 211 mM fructose and 3(1 mM dimethyl 
sulfoxidc [16]. Plate cultures were grown on RCV 
medium supplemented with 15 g / I  agar, and media for 
plasmid-carrying strains were supplemented with 11.5 
#g  of tetracycline per ml. Photosynthetically grown 
plate cultures were grown in a,~aerobic jars (BBL). 

Isokttion o] chromatophores. Chromatophores (in- 
nor-membrane vesicles containing the photosynthetic 
apparatus) wcrc prepared as described [17] from cells 
grown under reduced aeration (sec above) until expo- 
nential growth had stopped due to oxygen limitation. 
Cell densities were typically 4.5. l0 s to 5.5. I() ~ cfu/ml  
(120 to 15t1 Klctt units: see Fig. 2A). Chromatophores 
used fl~r the cytochrome b/c I assays were solubilized 
using 1.5 g of n-dodccylmaltosidc (~chr inger-Man-  
nheim) per g of protein as described [18]. 

Spectrophotometric analyses. Absorption spectra 
wcrc obtained of aerobically and photosynthetically 
grown intact cells (about t.8.10~celis suspended in 1 
ml of 22.5c~ bovine serum albumin (BSA) in RCV 
medium) using a Hitachi U-20(10 double-beam spectre- 
photometer (bandwidth of 2 nm). 

Reduced minus oxidized differential absorption 
spectra and flash spectroscopy were carried out as 
described [19.211]. 

Thb~-section electron microscopy. Cells from cultures 
grown under oxygen-limited conditions were fixed ac- 
cording to the method of Ryter and Kellenbergcr [21] 
and stained with lead salts and uranyl acetate. Silver 
sections were examined and photographed using a Zeiss 
EM CI() electron microscope. The mean diameter of 
chromatophore invaginations in electron micrographs 
was determined by averaging 35 direct measurements 
made on each strain. 
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Fig. 2. ('(~mparis~m of grlr~lh of R. capxuhvm- strains JR('6(pTB9991 
((;~) and ..I R('6~pTi=2)( O ) under lhree dillerent conditions of growth: 
A. grt~'n under low aeration: I3. photosynthetic grov, th cLmdilions. 
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intensity = 1211 .uE m-" per s. 

Other assays. Light intensity was measured using a 
model Ll-185B photometer equipped with a LI-190SB 
quantum sensor ILl-Corr. 

Protein measurements used the Lowry assay as mod- 
ified by Peterson [22] with bovine serum albumin as the 
standard. 

The quinol-dependent cytochrome b/c~ complex ac- 
tivity was assayed as described [23] except that the 
concentration of DBH,  was 60 ~tM, the concentration 
of horse heart cytochrome c was 50 #M,  and malom~te 
was omitted. The rates of reduction of horse heart 
cytochrome c were calculated with an extinction coeffi- 
cient of 21.1 mM-~ cm- t  [24]. DBH,  was synthesized 
as described [25] except that flash column chromatog- 
raphy was substituted for preparative thin-layer chro- 
matography. DBH,  was reduced prior to u ~  as de- 
scribed [26]. except the initial reductant was sodium 
thiosulfate rather than sodium hydrosulfitc and the 
reduced substrate v, as finally dis:,olved in dimethyl 
sulfoxide rather than ethanol. 

The relative concentration of quinones was deter- 
mined as described [27]. 

Results 

Growth capabilities and kinetics of strains contabting 
wild type and pup( deletion genes 

Although pu[ operon mRNA levels were similar in 
R. capsulatus ARC6(pTB999) and ARC6(pTL2) IT.G. 
Lilburn. M.Sc. thesis. University of British Columbia. 

1990}, there were significant differences in photo- 
synthetic growth, as detailed below. 

Fig. 2A shows growth curves for ARC6(pTB999) and 
ARC6(pTL2) grown aerobically in the absence of illu- 
mination, in which it can be seen thai .IRC6(pTL2) 
grew at approximately the same rate and to the same 
density as JRC6(pTB999). Under conditions of dark 
anaerobic growth with dimcthyl sulfoxidc as the termi- 
nal electron acceptor, the mutant again grew similarly 
to strain .IRC6(pTB999) (T.G. Lilburn, M.Sc. thesis, 
University of British Columbia, 19901. 

Shown in Fig. 2B and C are growth curves obtained 
for these two strains with cultures grown photosynthet- 
ically under two light intensities. Strain ARC6(pTB999) 
showed little or t~o lag time before initiation of expo- 
nential growth under either light condition, whereas 
ARC6(pTL2) always undcrwcnt a long lag period be- 
fore growth was detectable. The length of this lag 
period was always longer at the reduced light intensity 
and it was extremely variable; for cultures grown at 120 
~E/m-" per s it ranged from approx, 36 to 111 h. 
Furthermore, the rates of photosynthetic exponential 
growth obtained with ARC6(pTB999) cultures wcre 
fairly reproducible (+  17%}. whereas the growth rates 
of ARC6~p'I'L2) cultures, once initiated, were more 
variable (_+36%}. Photosynthetic subculture of 
ARC6(pTL2) resulted in reduction or toss of the lag. 

These results led us to suspect that secondary (sup- 
pressor) mutants which had regained the ability, to 
grow photosynthetically had arisen within the 
.IRC6(pTL2) cultures. Indeed, plates that were 
streaked with cells from a stationa~' phase, photo- 
synthetically grown .IRC6(pTL2) culture were found to 
give rise to colonies displaying a variety of pigment,~ 
lion ~,pes that could bc distinguished with the naked 
eye. When plates were spread with celts from aerobi- 
cally grown cultures of .IRC6(pTL2) and incubated 
photosynthctically it was found that none of the cells 
from the aerobic culture were initially capable ol 
photosynthetic growth. Eventually, a few colonies ap- 
peared, and these colonies showed a diversity of pig- 
mentation similar to that seen on the plates spread 
from the photosynthetically grown liquid cultures. Sub- 
sequent estimation of the frequent3' of such mutants in 
populations of aerobically grown tRC6(pTL2) cul- 
tures, by spreading known numbers of cells on solid 
media followed by incubation under anaerobic, illumi- 
nated growth conditions, gave a value of approx. 10-~. 

The growth experiments described above *,'ere car- 
ried out using RCV minimal medium. When analogous 
experiments were done using a rich medium, YPS [14], 
and a light intensity of 120 , a E / m :  per s, it was seen 
that dRC6~pTL2) was able to grow photosynthetically 
about as *`-ell as ,IRC61pTB999). When the light inten- 
sity was reduced to 35 u E / m  -~ per s. ,IRC6tpTL2) 
showed a lag and a slower growth rate relative to 
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JRC6(pTB999), although the growth rates of some of 
these cultures did increase after 50 to 60 h presumably 
because of the growth of suppressor mutants (T.G. 
Lilburn, M.Sc. thesis, University of British Columbia, 
1990). 

Reduced minus oxidized differential absorption spectra 
For these and other oxidation-reduction experi- 

ments a c r t D  mutant derivative of ARC6 was con- 
structed (see Materials and Methods). Optical differ- 
ence spectra were used to estimate the relative amounts 
of c- and b-type cytochromes in chromatophores pre- 
pared from ARC6crtD(pTB999) and aRC6crtD 
(pTL2). Ascorbate, plus the redox mediator N-methyl- 
phenazonium methosulphate, reduces high potential 
cytochromes including cytochromes c, and c: (which 
have a band absorption maxima at about 550 nm) and 
~ m e  b-type cytochromes, which have a band absorp- 
tion maxima at about 560 rim. Dithionite reduces both 
these high potential cytochromes and low potential 
cytochromes, which are mainly b-type cytochromes. 
Fig. 3 shows that, although levels of c+type cy- 
tochromes in A RC6crtD(pTL2) were slightly lower than 
those seen in JRC6crtD(pTB999), the levels of b-type 
cytochromes were almost identical in the two strains. 
This implies that the two strains have approximately 
the same amounts of cytochrome b/c, complexes. Be- 
cause there are b- and c-type cytochromes in R. capsu- 
/atus other than those known to be directly involved in 
photosynthetic electron transfer, these spectra must be 
regarded as only semi-quantitative indicators of the 
levels of the cytochrome b/c, complex, but they do 
point to the fact that deletion of the pup( gene does 
not lead to a gross alteration in the concentration of 
the cytochrome b/c, complex. 

Light-dependent electron flow through the reaction cen- 
ter and cytochrome b / c t complexes 

Cyclic electron flow in .IRC6crtD(pTB999) and 
3RC6crtD(pTL2) was assessed using flash spec- 
troscopy. Chromatophores were exposed to a train of 
eight saturating actinic flashes and the differences in 
absorption at selected wavelengths were measured, in 
the presence and absence of antimycin. (Antimycin is 
an inhibitor of electron transfer from cytochrome b~ to 
the quinone in the Qc site of the cytochrome b/c t 
complex.) In these experiments the ambient potential 
(E  h) was determined by the presence of sodium ascot- 
bate. Under these conditions the cytochromes c, and 
c, and the Rieske cluster are essentially fully reduced, 
while Qz  and the b cytochromes are essentially fully 
oxidized. The results obtained with .1RC6crtD 
(pTB999) are shown on the left of Fig. 4. In the 
absence of antimycin the majority' of the reaction cen- 
t e~  ((Bchl)z; monitored at 605-540 nm~* were rapidly 
reduced after each flash, and the oxidation of the 
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cytochromes c~ and c 2 responsiblc for this reduction 
was partially masked by their rapid rcduction by the 
Ricskc iron sulfur cluster, which was in turn reduced 
by cyclic electron flow initiated by the light flashes. 
The concomitant generation of a transmembrane po- 
tential was evinced by the carotenoid bandshift. The 
addition of antimycin interrupted the cyclic electron 
flow, so oxidized cytochromes c, and c. were no longer 
reduced after the first flash and were essentially com- 
pletely oxidized by the later flashes. At the same time 
the b cytochromes were stranded in the reduced form, 
and cyclic electron flow with its associated generation 
of the transmembrane electrochemical gradient ceased. 

Turning to the data for JRC6crtD(pTL2), shown on 
the right of Fig. 4. it is apparent that this strain has a 
significant defect in its light-initiated electron transfer. 
Although the extent of the carotenoid bandshift after 
the first flash was substantial, there was relatively little 
additional change after subsequent flashes. Even after 
eight flashes the magnitude of the bandshift was only 
about one third of that generated in .lRC6crtD 
(pTB999). Although the special pair and cytochromes c 
were capable of photobleaching, these components 
were not rereduced as rapidly as in the preparation 
from ,IRC6crtD(pTB999). The addition of antimycin 
had only a small effect on the kinetics of cyclic electron 
transfer. We attribute these differences to be due to a 
reduction in electron flow to, or through, the cy- 
tochrome b/c, complex of JRC6crtD(pTL2). 

Single flash kinetics of the carotenoid bandsh~# 
Fig. 4 shows that cyclic electron transfer was essen- 

tially nonexistent in .IRC6crtD(pTL2) under the con- 
ditions of that experiment, suggesting that although the 
reaction center was working normally, the electrons 
coming out of the reaction center did not reach the 
cylochrome b/c, complex. This might be have been 
due to interruption of electron flow out of the reaction 
center, or into the cytochrome b/c, complex. One way 
to assess which one of these alternatives might be more 
important would be to repeat the experiment of Fig. 4 
under conditions where Qz is chemically reduced be- 
fore the flash. Under such conditions, which arc opti- 
mal for cyclic electron flow and associated phospho- 
r~.lation of ADP [2]. electrons are available within the 
cytochrome b/c, complex to reduce the Rieske iron 
sulfur cluster and the cytochromes b as soon as the 
Rieske cluster is oxidized by cytochrome c,. so the 
kinetics of cyclic electron flow, and of the concomitant 
carotenoid bandshift, are no longer limited by the rate 
of arrival of electrons from QB (see ReL 2). This 
experiment was done and is described below. 

The upper portion of Fig. 5 compares the carotenoid 
bandshift in JRC6crtD(pTB999) with Oz either oxi- 
dized or reduced before the flash. Phases I and II were 
not resolved kinetically on this time scale, but together 
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they gave rise to the hztndshift seen in the presence of 
~mtimycin. As expected (see Rcf. 2), starting with C) z 
reduced stimulated the rate of the third phase (ff the 
bandshift, although it had only a )ninor etTect on the 
magnitude of phasc II1. perhaps because in thc Q()x 
preparation thc quinonc pool was not completely oxi- 
dized. 

The lower portion of Fig. 5 shows the same cxperi- 
mcnt with ARCflcrtD(plL2). Concordant with Fig. 4. 
there was little phase 111 of thc bandshift when Q/_ was 
oxidized prior to the flash, although the extent of 
phases I plus II was similar to that seen in ARC6crrD 
(pTB999) (note the different scales). In this case, how- 
ever, there was a dramatic effect on both lhc kinetics 
and the apparent extent of phase Ill when Qz was 
reduced prior to the flash. It is thus clear that the Qz 
site of the cytochrome h/c~ complex of ..$RC6crtD 
(pTL2) behaves almost normally if quinones are chemi- 
cally reduced prior to a flash. Note, however, that the 
extent of phase i l l  in this strain under these conditions 
was not equal to the sum of phases I plus II, as it was 

TABI.[:. l 
('~t(;( hrontc l ) / ¢  I complcv .~p('c(fic acticiti('~ ]onnd it) ('hronzatophore 
#t~( tiotls ~<)luhih:ed with n-dodecylmaltoside 

Strain {?ytochrome h / c  a complex specific activity ~t 

crude non- .~,olubilized 
chromato- solubilized ehromato- 
phores chromato- phores 
plus DM phores (supernatant  

(pellet)) '  liquid) )' 

..I R( '6(pTL2) 107 20 102 
3 R( "hi p T q t ~  t) ) 121 26 173 

'~ #mol  c ~ r t ' ) c } l r o n ]  ' "  C reduced per rain per mz protein. 
t, Solubiliz¢ ' chr~,,,),')ophores '.','ere cenlrduged at I(X)IX)()× g for 91) 

rain. 

in JRC6crtD(pTB999), but only approximately half 
this in magnitude. This indicates that even when Oz  is 
chcmically red:lccd prior to the flash, and is able to 
doaatc clcctron,s to the Ricskc cluster and cytochromcs 
b <urint~ cyclic ,qectron flow. there is still an impair- 
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1 . 0 ~  
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Wavelenglh (rim) 
Fng. ft. Ah,,orption spectra of equal numl~rs  of intact cells t)f R. 
cctp~tdatus strains: lit  JRCC)(pTL2). grown under Io,~' aeration: (iiJ 
dRCC)(pTBqgq), grov, n under low aeration: (iii) .,IRC6(pTBq99) 
grown photo~,ynthctically. The fourth derivalive,~, ot the spectra (up- 

per limited,) are al,~(') shown. 



ment in the rate of re-reduction of Qz I~'r the reaction 
center. 

Relatit'e concentrations of quinones 
Light-dependent electron flow from the RC to the 

cytochromc b/c~ complex could in principle be re- 
stricted by low levels of quinones in chromatophore 
invaginations of ,:IRC6(pTL2) cells. Comparison of rel- 
ative concentrations of quinones in chromatophorcs 
from JRC6(pTL2) and ARC6(pTB999) showed that, 
at protein concentrations of 10 mg/ml, chromato- 
phores from ARC6(pTB999) contained quinones at a 
concentration of !.8 #M whereas the concentration in 
ARC6(pTL2) was i.7/,tM. 

1~7 

Qu#lol-depel~detll eh'('rron /hJ~ thrott~h the ('vrochromt, 
h / r'j ~'omph'x 

Because l ight-dependent electron t]ow to, ~,r 
through, the cytochromc h/c~ complex v,as greatly 
impaired in ARC6crtD(pTL2), yet the amounts of h- 
and c-type cytochromes and quinones seemed similar 
to -tRC6crtD(pTB999). wc assayed electron flov, 
through the solubilizcd cytochrome h/c~ complex in 
chromatophorcs with an excess of DBH ~ as electron 
donor (see Table I). This was done with chromato- 
phore preparations from cells grown under oxygen- 
limiting conditions. The rates obtained (173 nmol cy- 
tochrome c reduced/min per mg protein for RC6 
(pTB9~9) and 192 nmo~ tTtochrome c reduced/rain 

A B 

Fig. 7. Transmission electron micrograph,', of thin ~:clions o~ :cl!s gr(~n v.lth k ~  acrat:ion A: JRC~pIBg~m} ~nd B: .JR(~¢p']I.2L 



per mg prolsin lot R('b(p'll .2))indicated that thcrs 
was no great diflcrt.ncc in Ills sl~csific acti~itics of 
sohibilized cvtochronlc t~/c~ ctmlplcxcx hom Ills two 
strains, 

Ah.sorptttm ~l~cctrt~scop)" t!j mta,'t cells 
Fig. q'~ shows icprcscntativ¢ "tbsorption spectra from 

single scans of intact esh~ ok" AR('6(pTB'~t)q) and 
/tRC6(pTI,2) grown undsr photo .,~nflr:lis or oxygen 
limiting conditions, and the fimrth dcrb, ativcs of 
these spectra. Ths amounts of 1-]870 and B~4tHI-851) 
complexes can hc estimated on thc basis ol their 
absorptiun pcaks. ( 'd i s  of ,.IR('6(pTL2) grown 
undcr low oxygen conditions (Fig. 0(i)) reprodueibly 
showsd an increased B870 shoulder compared with 
..IRCb~p-FBqqq) (Fig. fitii)), whereas the magnitudes ~f 
the B81~1-851)absorption peaks wcrc more variabk. 
Thssc differences wcrc reproducible in many cxpcri- 
msnts 'aith intact cells and chromatoph,~res, and show 
that clc~,ated lmels ot the B870 complex resulted from 
the pt(]X mutation These data wcrc supported by lhs 
results of SI)S-PAGE of chromatophore proteins, 
v, hich showed incrsascd amounts of the B870 complex 
pcptidcs in shromatophorss front cells of ~R('6(pTL2i 
(T.(;. Lilburn. MSc. thesis, Univcrsity of British 
Columbia, 199111. 

Electron microsc~q~y of thin sections of ARCO cell, con- 
taining either pTBOO9 or pTL2 

Fig. 7 shows reprcscntatb.c electron micrographs t,i 
thin sections of A R('t,(pTBqt,~q) and J R C ~ p T L D  ccl~s 
grown under oxygsn-limitcd conditions. Direct mcas- 
ursments of lhc diameters of ehromatophorc invagina- 
lion.,, in these and similar micmgraphs showed that 
chromatophorcs of ARC6[pTL2) had a mcan diamctcr 
approx. 50r~ " greater titan thai of ARCh(p'I"B999). 
However. chromatophorcs flora ARC6crtDipTI,2) did 
not dearly separate flora ARCfcrtD(pTB999) chro- 
malophores during rate zonal ccntrifugation in 5-35",: 
sucrose density gradients (unpublished data). 

Discussion 

In order to inxestigatc po,,sible functions of the 
/n(tX gene product, the experiments described abc,~e 
wcre done on a pseudo-wild type control strain (R. 
capxtdatus .lRC(~(p'lBt)99)) and a pttfX inmrt ion/  
delction mutant (R. cap.srdatus ..IRCf~pTL2)), and a 
variety of changes in phcnotype attributable to the loss 
of the Pt~fX protein was obscrscd. 

R. Cttl~SUhlttt~ JRC6~pTL2) grew at normal rates 
under both low oxygen and high oxygen conditions (scc 
Fig. 2~: thcreforc, it would seem that no major deft- 
cicncies in respiratory' ATP generation exist when thc 
m~tX gent is deleted. On the other hand, strain 

gR('f)(pFI,2) was unable to grow in minimal RCV 
medium undcr photosynthetic grow'th conditions (see 
Fig. 2). Wc attribute the growth that eventually was 
obtained to the presence of second-site suppressor 
mutants present (at a level of about 10 s) in pufX 
mutant cultures. The lack of photosynthetic growth, 
cxccpt in the rich YPS mcdium at higher light intensi- 
ties (_> 120 ,uE m z per s), implies that the pufX mu- 
l:|nt was greatly impaired, although not abmlutely lack- 
ing, in some photosynthetic process. This is consistent 
wrth the increased length of lag times with decrea~d 
li~;,ht intensity, it is noteworthy that the pu]'X gene is 
part of an operon which encodes five other I~)ly- 
pcptides that, collectively, are essential for normal 
photosynthetic growth [7,8]. 

Photosynthetic energy transduction depends on the 
flow of electrons through thc reaction center, to the 
cytochromc b/cj complex via a quinol, through the 
cytochrome h/c I complex and back to the reaction 
center. Any disruption of this flow would impair the 
ability of cells to grow photosynthetically. 

Analysis of light-induced :lectron flow through the 
reaction ccntcr in isolated chromatophorcs revealed 
~hat the bchl a special pair in JRC6crtD(pTL2) was 
ph,m~acti~,t, as shown by the extent of lahotobleaching 
of The special parr as well as by phases ! and 11 of the 
caro, enoid bandshift lFigs. 4 and 5). These results 
indi, . .te that electron flow within the reaction center 
was not affected by the absence of the PufX protein, 
~a, hcrcas subsequent reduction of the bchl dimer was 
impaired. In JRC6crtD(pTL2) the initial extents and 
rates of cytochrome reduction after the first photo- 
oxidatien indicate that under this redox condition there 
was a small am,mat of electron transfer (see Fig. 4). 
hut with .~ubscqucnt flashcs the extents and rates of 
photooxidized cymchrome reduction were much IoweL 

The po.~sibility that electron flow within the cy- 
Iochromc b/ t ,  complex was blocked was evaluated in 
two ways. On~ method used was a comparimn of the 
magnitude of ~,inglc flash-induced carotenoid band- 
shifts in rcdox-poised chmmatophores from the two 
strains. Phase 111 of the carotenoid bandshift is medi- 
ated by the h/G complex, and when this portion of the 
carotenoid bandshifl is examined in Fig. 5 two facts are 
immediately apparent: (i) when the ubiquinone pool 
(and hence the Qz ubiquinonel was poised oxidized, 
electron movement through the cytochrome b / q  com- 
plex ix...~RC6crtD(pTL2) was severely impaired, and 
(it) chemical reduction of the Qz  ubiquinone largely 
(wcrcamc thb, impairment, although the extent of phase 
III of the carotenoid bandshift in AR(6crtD(pTL2) 
was not as great as seen in ,~RC6crtD(pTB999). This 
implies that a major effect of pufX gene deletion in 
.IRC6crtD(pTL2) is that electrons associated with the 
Qu ubiquinol molecule do not efficiently reach the Oz 
site of the c~,,tochromc h/c~ complex. 



We also tested the ability of solubilized cytochromc 
b/c I complexes to catalyze reduction of cymchromc~, e- 
when pnwided with an excess of the ubiquinonc ana- 
logue DBH, (see Table I). Using this criterion, elec- 
tron flow through the b/c~ complexes of the two 
strains were comparable. When the concentration of 
DBH 2 was titrated, the rates obtained showed non- 
Miehaelis-Menten kinetics, ~ we could not assess the 
affinity of the Qz site for quinol in this way. 

Since it seemed likely that the photosynthetic deft- 
eiency in ZlRC6(pTL2) aro~ from an inability to trans- 
fer electrons from one component of the photo- 
synthetic unit to another, the possibility of a fault in 
the way these components were assembled was investi- 
gated. The structure and stoichiometry of the photo- 
synthetic unit were examined in two ways pre~nted 
here: (1) absorption spectroscopy of whole cells and 
chromatophorcs, (2) electron microscopy of chromato- 
phore invaginations in thin sections of cells grown 
under reduced oxygen conditions. 

The absorption ~ans  of intact cells of JRCt~pTL2) 
(see Fig. 6) revealed an increase in the amount of B87(; 
absorption in comparison to ARC6(pTB999), and this 
change was also apparent from the B870~ and B870/.:1 
protein band intensities in SDS-PAGE of chromato- 
phore preparations (T.G. Lilburn, M.Sc. thesis. Univer- 
sity of British Columbia, 1990). 

Transmission electron micrographs of thin sections 
of cells from cultures of zlRC6(pTB999) and JRC6 
(pTL2) grown under oxygen-reduced conditions, shown 
in Fig. 7, revealed that the inner membrane invagina- 
tions of ARC6(pTL2) had a mean diameter about 50c~ 
greater than tho~ of AR~6(pTB999). 

How these differences relate to the inability of strain 
,,'IRC6~pTL2} to grow photosynthetically is unclear, but 
it is certainly credible that a disruption in the protein 
composition of the photo.,,ynthetic unit could affect 
chromatophore size. The increase in chromatophore 
size may be a secondary effect, although our data do 
not allow us to distinguish between possible alternative 
cause and effect relationships between intrat3loplas- 
mic membrane area and amounts of photos~'nthetic 
membrane proteins. However, i~refimina~ fluores- 
cence experiments indicate that ener~'  transfer from 
the B870 light-harvesting complex to the reaction cen- 
ter does not seem to be impaired in the pufX mutant 
IN. Woodbury. personal communication). 

The results of the electron microscopy and aosorp- 
tion spectroscol~, experiments, taken together, indicate 
that the pufX mutation changes the structure of the 
photosynthetic unit. Thus, it ~ould seem that as~mbly 
of the photosynthetic unit is faulty in ,JRC6(p'I'L2). 
perhaps becau~ the PufX pol.,,peptidc interacts both 
with behl-protein complexes and the cytochromc b / ~  
complex. It has been proposed that, in vivo, reaOion 
centers form supercomplexes with a subset of t3- 

lh9 

to:hromc b/¢~ comple~cs [5.l~,L2~]. Wc ~pccutat~. ",h,d 
the PufX pn~Icin nlay he ,~ ~l~t~cturli[ ~~nlF(UlClH ~I !h~ 
pht~tmyulhelic writ that id1~i~dl~, link,, the r~;N~'l~,~'~ 

purer programs u~cd to evaluate [xmiblc properti¢~ of 
the PufX protein (Ref~. 29-31: as fimnd on PCIGI 'N[!  
6.(11 (Intelligcnclies))indicate ~hal the Pul,X pm~cm i~ 
likcl~ to be a transmcmhranc proleir., and di~play~ 
26~ amino acid id,'ntitv when aligned ~.lth the R 
capsulatu,~ B~,7thf peptidc ~equencc. H~v~evcr, Ihc pos- 
sibility that the PufX protein could othcnvisc facilitate 
ubiquinol pn~Juction or transfer cannot bc ruled out. 
For example, it is l~ssiblc that the binding constant of 
the semiquinone at the Oa site of the reaction center i', 
significantly Iowt:r in the absence of the PuI-X protein, 
This would result in the more frequent rclca,,e ~q the 
semiquinonc from the 0~  site. a o ) n ' , c q l ~ c n l  droop m 
the number of electron.,, reaching the O/  ',itc . f  the 
c~,Iochmme h/c~ comr':x and an impairmen: in 
photo-induced cyclic electron fh~.., Ho~e~cr. it i, al,,o 
possible that the alfinit)¢~f the Q ,  site h~r quinol i,, 
reduced. Evidently. the supprcs,,~,r nlulation~ mclc~nlc 
~ m c  of the effects resulting from the ab,,cncc ¢~t the 
PufX protein by turthcr mexlif?, m~ lhc ,,tructurc ~d the 
pufX photmynthetic unit (mipuhlishcd dala). Alter- 
nati,,ely, the pu]X gcnc product may be intuited cala- 
lyticalt,, in rcgulati~n ~1 the a',',ernbl~ o| the photo,- 
synthetic unit. although the~c ~wo pcmibilitics are n¢~t 
mutualb, exclusive. 

Farchaus et al. have rep~rlcd the rc,,ults ol experi- 
ments on a similar pu[X mutan! of R. ~phaeroide~. in 
~,hich they h)und that a dclctit~n strain sccmcd to bc 
incapable of photo~,ynthctic gro~,th []2]. A put?, mu- 
tant strain studied b v these amhors at,,~ i~ad incrc~,cd 
amounts of Ihc P_,87H complex hom~loguc ~'i,[|11 and 
supprcs~r mutant,, capable , t  ph~to,,,~nthettc Fmwth 
arose after prolonged incubation ol cultt~rc,,. A reac- 
tion center preparation tram thb, ~tram ~ho~,~cd phot.- 
bleaching cqub, alcnt to a mntml prcparati~m from ~ 
p,.cud~)-,~ild t3,pc strain, ahhough no expcrimcnl', o:1 
electron transfer between comp~ment,, o~ the phoz~- 
synthetic apparatus v.crc rc l~r tcd Nc'¢crthclc~. lhc,,c 
data are. indicative of ~c~ ,,imilar ~unetit)h~, ~1 th,= 
PufX proteins of thc~- t~o ~pcc~c~ 

The re,,ults prc~,cntcd in lh~,, t . l ,n l t r luf l l l ; J l i (*~]  '..,h,)~ ~, 

that the I t ,  s o| the pujX gene poKluct dcpm;c~ /¢ 
cnpsulattt.~ cells of their ability to gro~, phot,~,.~nthct - 
icall', m a minimat mcdmm Although this apparentb 
contrasts ~,'ith a previous pubhcation in ~.hich it ~a'- 
reported thal deletion,, ot the pufX gone ,ti,J n.~ 
eliminate the abilib to gnu '  phom',ynthe~call~, thi,, 
diifercncc ma~ bc a~,:ribcd m the [act ~hat ~hc~ au 
thor., gre~ tht:ir mutant slrain in a complex medium 
i l l ] .  Photos3nthelic gnrwth on rich but not mimmal 
media ~as a l ~  ,,con in a ',train ol R. ¢up~,ulatu~ that 
was con,,tructed to contain the R. ~phaeroid~.~ c~- 
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t o c h r o m c  b / c  I c o m p l e x .  , tnd  ~, h i ch  a ls , ,  ,,C¢ltlCd tO I;Ick 

the  r e q u i s i t e  i n t e r a c t i o n  b c t ~ c e n  the  cyt ,~chr(m, . :  h , ,  

c o m p l e x  a n d  the  r c , c t i , m  c e n t e r  [1~1]. 

In xicw of these cellcctixc r e su l t s ,  it s c o r n s  t h a t  a 

majo r  function o f  lhc PufX protein is t- Iacilitalc, 

d i r e c t l y  o r  inclircctI.~, e l e c t r o n  t r a n s f e r  f r o m  t h e  C.). s i te  

of lilt2 rcwctitm ccntcl t,~ the O/ site of the c) tt~chromc 

I~ /q' u C()lnplex. 
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