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Abstract Heliobacteria contain a very simple photosyn-

thetic apparatus, consisting of a homodimeric type I reac-

tion center (RC) without a peripheral antenna system and

using the unique pigment bacteriochlorophyll (BChl)

g. They are thought to use a light-driven cyclic electron

transport pathway to pump protons, and thereby phos-

phorylate ADP, although some of the details of this cycle

are yet to be worked out. We previously reported that the

fluorescence emission from the heliobacterial RC in vivo

was increased by exposure to actinic light, although this

variable fluorescence phenomenon exhibited very different

characteristics to that in oxygenic phototrophs (Collins

et al. 2010). Here, we describe the underlying mechanism

behind the variable fluorescence in heliobacterial cells. We

find that the ability to stably photobleach P800, the primary

donor of the RC, using brief flashes is inversely correlated

to the variable fluorescence. Using pump-probe spectros-

copy in the nanosecond timescale, we found that illumi-

nation of cells with bright light for a few seconds put them

in a state in which a significant fraction of the RCs

underwent charge recombination from P800
?A0

- with a

time constant of *20 ns. The fraction of RCs in the rap-

idly back-reacting state correlated very well with the var-

iable fluorescence, indicating that nearly all of the increase

in fluorescence could be explained by charge recombina-

tion of P800
?A0

-, some of which regenerated the singlet

excited state. This hypothesis was tested directly by time-

resolved fluorescence studies in the ps and ns timescales.

The major decay component in whole cells had a 20-ps

decay time, representing trapping by the RC. Treatment of

cells with dithionite resulted in the appearance of a *18-ns

decay component, which accounted for *0.6 % of the

decay, but was almost undetectable in the untreated cells.

We conclude that strong illumination of heliobacterial cells

can result in saturation of the electron acceptor pool,

leading to reduction of the acceptor side of the RC and the

creation of a back-reacting RC state that gives rise to

delayed fluorescence.

Keywords Heliobacteria � Fluorescence �
Type I reaction center

Introduction

Variable fluorescence has been a very useful tool for ana-

lysis of photosynthetic electron flow and physiology of

photosynthetic organisms. When photosynthetic pigments

are excited by absorption of a photon, there are four pos-

sible fates for the excited state: photochemistry, fluores-

cence, intersystem crossing (to a triplet state), or

conversion to heat. When photosynthetic systems are

operating efficiently, photochemistry dominates and the

fluorescence yield is low. When these systems become
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photochemically less efficient, for a variety of reasons,

energy is emitted as fluorescence or heat. Although the

latter is dominant, fluorescence is much easier to detect,

and has been widely used as a measure of the efficiency of

photochemical processes in photosynthesis.

There are two main mechanisms for the increase in

fluorescence (or variable fluorescence) observed when

photochemistry becomes inefficient. If charge separation is

inhibited, either because the primary donor is oxidized or

because the free energy of charge separation has been raised

due to the accumulation of a reduced downstream cofactor,

then there will be an increase in fluorescence from the

equilibrated antenna. If charge separation still occurs but

further electron transfer (ET) is inhibited, then the charge-

separated state can recombine to the ground state, excited

triplet state, or excited singlet state, the last of which would

lead to fluorescence emission. Because the lifetime of

recombination from the initial charge-separated state is

typically in the tens of nanoseconds, while the lifetime of the

excited state in the antenna is a few nanoseconds, and the

emission of fluorescence by the second mechanism will be

delayed relative to the emission by the first.

In oxygenic phototrophs, the majority of fluorescence is

emitted from the antenna of Photosystem II (PS2), with

only *5–20 % of emission originating from Photosystem I

(PS1), depending on the PS2 photochemical efficiency and

on the emission wavelength (Samson et al. 1999). This is

due to several reasons. First, the PS2 fluorescence yield is

controlled primarily by the redox state of the electron

acceptor QA, which is a plastoquinone molecule. When QA

is oxidized, the photochemical yield is high (typically

*80–85 %) and the fluorescence yield is low (so called F0

level). The average lifetime of excited state decay, under

conditions of oxidized QA is *200 ps (Hodges and Moya

1986; Holzwarth et al. 1985; Broess et al. 2006; Caffarri

et al. 2011), and the P680
?Pheo- radical is efficiently

depopulated due to ET from Pheo- to QA. When QA is

reduced, the yield of primary charge separation can be

decreased, due to the increase in free energy of the

P680
?Pheo- radical pair in the presence of the negative

charge of QA
-. Moreover, since ET from Pheo- to QA

- is

slow, the charge-separated state recombines quickly

repopulating the reaction center excited state, which is

equilibrated with the antenna bed (Schatz et al. 1988;

Engelmann et al. 2005; Miloslavina et al. 2006). Under

these conditions, the fluorescence yield is high (FM con-

ditions) and the average lifetime of the singlet excited state

is *1–1.5 ns (Hodges and Moya 1986; Moya et al. 1986;

Roelofs et al. 1992), corresponding to an increase in

steady-state emission of four to fivefold compared to when

QA is oxidized and the centers are fully active. Thus,

continuous actinic light of sufficient intensity will induce a

rise in fluorescence as the plastoquinone pool becomes

reduced by the action of PS2, resulting in photoaccumu-

lation of QA
-. This variable fluorescence can be used to

estimate the efficiency of PS2 (Buttler 1978; Duysens

1978), and many techniques have taken advantage of this

fact.

The fluorescence emission of PS1, at room temperature,

is generally much weaker than that of PS2, being charac-

terized by an average lifetime of *20-40 ps (Gobets and

van Grondelle 2001; Ihalainen et al. 2005; Slavov et al.

2008; Engelmann et al. 2006; Wientjes et al. 2011), although

some variation across the emission band with maximal

values of *60–80 ps been also observed in the long

wavelength emission tail (Engelmann et al. 2006; Galka

et al. 2012; Jennings et al. 2013). Moreover, the lifetime

appears to be relatively insensitive to the redox state of ET

cofactors. A possible explanation resides in the fact that the

analog of QA
- in PS1 is a phyllosemiquinone (PhQ-, also

called A1
-) which is difficult to accumulate, as there are 3

[4Fe–4S] clusters (FX, FA, and FB) beyond this ET inter-

mediate. The lifetime of PhQ- in PS1 is 10–300 ns (Sétif

and Brettel 1993; Guergova-Kuras et al. 2001; Santabarbara

et al. 2005; Rappaport et al. 2006), while the lifetime of QA
-

in PS2 is at least *300 ls and increases to the timescale of

seconds when forward ET from QA is blocked (Bowes and

Crofts 1980). Even closed PS1 RCs (in which P700 is oxi-

dized) can quench excitations in 20–30 ps (Hastings et al.

1994; White et al. 1996; Byrdin et al. 2000). This has

recently been explained by the fact that primary charge

separation occurs within the ec2/ec3 Chl pairs in PS1 and

the charge-separated state is further stabilized by ET from

P700 to the oxidized ec2 Chl (Müller et al. 2003, 2010;

Holzwarth et al. 2006). When P700 is oxidized, the first

radical pair can be formed (albeit with somewhat lower

yield due to the positive charge on P700), but it then decays in

the picosecond timescale to the ground state, effectively

quenching fluorescence (Giera et al. 2010). Illumination of

PS1 particles or PS1-containing membranes in the presence

of dithionite results is an increase in steady-state fluores-

cence (Ikegami 1976; Tripathy et al. 1984; Kleinherenbrink

et al. 1994), and this has been explained as resulting from

‘‘delayed fluorescence’’ in PS1 RCs in which the quinone

was doubly reduced to a quinol. In that case, formation of

the P700
?A0

- radical pair would be followed by charge

recombination of this state, some of which would regenerate

the singlet excited state (leading to fluorescence), since

forward ET is blocked. The appearance of a 35-ns fluores-

cence decay component, which matches the decay time of

the P700
?A0

- radical pair, is consistent with this interpre-

tation (Kleinherenbrink et al. 1994).

Anoxygenic phototrophic bacteria, which make use of a

single reaction center, exhibit the phenomenon of variable

fluorescence. It was established some time ago that fluo-

rescence in purple proteobacteria, which use a type 2 RC, is
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primarily determined by the state of the secondary electron

acceptor, QA (Clayton 1967; Reed et al. 1969; Zankel et al.

1968; van Grondelle et al. 1978). The purple bacterial RC

is somewhat special, in that the special pair and primary

donor (P865) has an absorption maximum significantly red-

shifted compared to the other RC and antenna pigments,

making it responsible for the lowest energy emission.

Oxidation of P865 results in low fluorescence, while

reduction of QA results in a *5-fold increase in fluores-

cence (Reed et al. 1969; Zankel et al. 1968). The origin of

variable fluorescence in purple bacteria is now interpreted,

as in the case of oxygenic PS2, in terms of photochemical

quenching by the ‘‘open’’ (oxidized QA) centers, disap-

pearing as QA
- is reduced, thereby attaining a maximal

level.

Variable fluorescence was also observed in anoxygenic

bacteria utilizing type 1 RCs, such as the green sulfur

bacteria (Clayton 1965). In Chlorobaculum tepidum, fluo-

rescence emission from the bacteriochlorophyll (BChl) a of

the FMO protein linking the chlorosome to the RC was

seen to increase after a brief illumination, although fluo-

rescence from the chlorosome itself was unchanged

(Hohmann-Marriott and Blankenship 2007). Variable

fluorescence has also recently been observed in Heliobac-

terium modesticaldum (Collins et al. 2010).

The photosynthetic apparatus of Heliobacteria is much

simpler, as the only pigment-binding protein that they pos-

sess is the RC itself. Not only do they lack any peripheral

antenna system, but the heliobacterial RC (HbRC) itself has

a very small core antenna consisting of only 18 BChl g in H.

modesticaldum (Heinnickel et al. 2006; Sarrou et al. 2012).

The HbRC of this organism is composed of two BChl g’

(special pair P800), two BChl g, and two 81-OH-Chl aF (A0;

(Sarrou et al. 2012; Chauvet et al. 2013), as shown before in

other species (Amesz 1995). The physiology of heliobac-

terial cells is not yet known in detail. A lipid-linked cyto-

chrome c serves as the carrier between the cyt b6c complex

and the HbRC and that cyt c553 can re-reduce P800
? of the

HbRC in *1 ms at room temperature (this work), likely

faster at higher temperatures (Oh-oka et al. 2002). Cyt c553 is

reduced by the cytochrome b6c complex, which resembles a

hybrid between the cyt b6f and cyt bc1 complexes. It has a

split cyt b6 with the attached heme ci near the cyt bH, but uses

a diheme cyt c (i.e. neither cyt f nor cyt c1) as an intermediate

between the Rieske FeS cluster and the mobile cyt c553

(Ducluzeau et al. 2008). The pool quinone is menaquinone

(MQ), primarily MQ-9 with smaller amounts of MQ-8

(Hiraishi 1989). An average of 1.5–1.6 MQ per RC are

found in purified RCs from this species (Sarrou et al. 2012),

leading to the expectation of two quinones per RC, as in

PS1. However, participation of MQ in ET between P800 and

FX is still controversial. Although a radical attributed to a

semiquinone was detected by X-band EPR (Muhiuddin et al.

1999; Miyamoto et al. 2008), time-resolved optical spec-

troscopy (Lin et al. 1995; Brettel et al. 1998), and transient

EPR (van der Est et al. 1998) failed to observe the semi-

quinone as an ET intermediate. Moreover, extraction of

menaquinone from heliobacterial membranes had no effect

upon forward ET (Kleinherenbrink et al. 1993).

Another way in which the HbRC is different from PS1 is

the presence or absence of the terminal FA/FB clusters. In

PS1, these are bound by the extrinsic PsaC subunit, which is

bound very tightly to the PsaA/PsaB heterodimer (Jagan-

nathan and Golbeck 2009a, b). The PshB polypeptide was

found associated with the HbRC purified by sucrose density

gradients. Like PsaC, it is a bacterial-type ferredoxin har-

boring two [4Fe–4S] clusters (Heinnickel et al. 2005, 2007),

and PshB was therefore expected to play the same role as

PsaC. However, this interpretation now seems unlikely in

light of recent discoveries. Firstly, it was surprisingly easy to

remove PshB from the HbRC core, requiring only 0.5 NaCl

(Heinnickel et al. 2005), while 7 M urea is required to

remove PsaC from PS1 (Parrett et al. 1989). Secondly, there

are two similar genes next to each other on the genome

encoding paralogous gene products, PshB1 and PshB2

(Romberger et al. 2010), which is difficult to reconcile with

the idea that one or both is a subunit. Lastly, it has recently

been shown that the core HbRC lacking PshB could reduce

cyanobacterial flavodoxin in a light-dependent manner and

that the addition of either PshB1 or PshB2 inhibited rather

than accelerated this reaction (Romberger and Golbeck

2012), consistent with the idea that they were competing for

electrons from FX. Thus, the PshB1 and PshB2 polypeptides

are most likely mobile electron carriers, acting to re-oxidize

FX and then dissociate from the HbRC. This would imply

that the PsaA homodimer is the functional HbRC and that

the FX cluster is the terminal electron acceptor, which is

quite different from PS1.

When illuminated, fluorescence emission from heliobac-

terial cells does not start to rise until after at least 10–100 ms,

depending on the temperature and the intensity of the actinic

light (Collins et al. 2010). Variable fluorescence in helio-

bacteria could be blocked by the addition of oxidants like

ferricyanide, and enhanced by addition of low-potential

reductants like dithionite. It was also inhibited by reagents

that slow re-reduction of P800
? or that reoxidize the terminal

FeS clusters of the HbRC. These characteristics led to a model

in which exhaustion of the electron acceptor pool, but not the

donor pool, led to accumulation of reduced FeS clusters in the

HbRC. Once the FX cluster was reduced, subsequent excita-

tion and charge separation would lead to production of the

P800
?A0

-FX
- state, followed by charge recombination and

emission of delayed fluorescence. In this work, we have

examined the HbRC by transient absorption spectroscopy in

the ns timescale to test this model. We find that illumination

of heliobacterial cells for a second or so produces in high yield
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an HbRC state in which the P800
?A0

- state is generated and

subsequently recombines. The fraction of back-reacting

HbRCs correlates very well with the variable fluorescence

yield. Moreover, analysis of the fluorescence emission by the

time-correlated single photon counting (TCSPC) technique

demonstrates the appearance of an 18-ns fluorescence decay

component when cells are exhibiting variable fluorescence.

The spectrum of this emission is consistent with emission

from the HbRC antenna.

Materials and methods

Growth of Heliobacterium modesticaldum cells

Cells were grown in PYE medium within sealed 100-mL

Wheaton bottles. Typically, 100 mL of medium was

inoculated with 1 mL of culture and incubated 16–24 h

under illumination in a water bath at 46–48 �C. Unless

otherwise stated, cells were loaded into cuvets using a

stream of N2 gas to transfer them anoxically from the bottle

into the cuvet via tubing that had been pre-flushed for over

15 min.

LED flash fluorescence and transient absorption

spectroscopy in ms-sec timescale

This was performed using a JTS-10 LED kinetic spec-

trometer (Bio-Logic, Grenoble, France). Fluorescence from

BChl g in living cells was monitored using a 10-ls (exci-

tation) measuring pulse at 420 nm, and detected through a

long-pass filters in front of the detectors allowing emission

of wavelengths [780 nm to be measured. Actinic illumi-

nation was provided by a battery of LEDs, whose intensity

was adjusted electronically from 10 to 1,700 lmol pho-

tons m-2 s-1. Collection of transient absorption and fluo-

rescence data was during a 200-ls period of darkness, so

that the actinic light would not interfere with the mea-

surement. The protocol also involved giving 40-ms pulses

of bright (4,300 lmol photons m-2 s-1) actinic light every

2 s to assess the maximal fluorescence level attainable (or

the redox state of ET intermediates in absorption experi-

ments), which was sampled 200 ls after the 40-ms pulse.

The optical path length was 1 cm in all cases.

Laser-flash pump-probe spectroscopy in ns-ms

timescale

This was performed using a home-built double-flash

spectrometer (Béal et al. 1999). Actinic light was provided

by a red laser diode with emission centered at 690 nm. The

apparatus was modified to allow fluorescence detection by

inserting the following filters between the cuvet and the

detector: RG790, RG810, and two RG9 filters. The exci-

tation light used for fluorescence measurements was a 6-ns

flash centered at 425 nm. The t = 0 time was defined as the

delay between the pump and probe pulses that yielded

50 % of the maximal signal associated with P800 oxidation.

Picosecond fluorescence spectroscopy

Cell culture was loaded into an air-tight cuvet inside an

anerobic chamber; for strongly reducing conditions, sodium

dithionite was added to a final concentration of 50 mM.

Fluorescence decay kinetics were measured using the time-

correlated single photon counting (TCSPC) technique

(Liddell et al. 2008). The excitation source was a titanium

sapphire (Ti:S) laser (Spectra-Physics, Millennia pumped

Tsunami) with a 130-fs pulse duration operated at 82 MHz.

The laser output was tuned to 760 nm and sent through a

pulse selector (Spectra Physics, Model 3980) to operate at a

repetition rate of 4 MHz with an average power of 2 mW

(i.e. *2 9 108 photons per pulse). The area of the laser

beam was a circular spot *0.5 mm in diameter. Fluores-

cence emission was collected at a 90� geometry and detected

using a double-grating monochromator (Jobin–Yvon,

Gemini-180) and a microchannel plate photomultiplier tube

(Hamamatsu R3809U-50). Fluorescence was detected at the

magic angle (54.7�) relative to the polarization of the

excitation pulses. Data acquisition was done using a single

photon counting card (Becker-Hickl, SPC-830). The

instrument response function was 40 ps at FWHM. In each

experiment, excitation power was varied to ensure that

annihilation was not an issue. Data analysis was carried out

using local written software ASUFIT (URL: www.public.

asu.edu/*laserweb/asufit/asufit.html). Kinetic decay curves

collected over the entire wavelength region were fit globally

with a sum of exponential decay model using equation

F kð Þ ¼
P

i Ai kð Þe�t=si . The amplitude as a function of

wavelength (Ai(k)) for each decay lifetime, si, is presented as

the decay associated spectrum (DAS).

Results

Transient absorption: reduction of P800
? by cyt

c and re-reduction of cyt c

We measured kinetics of absorbance changes in the

390–600 nm spectral range produced by 5-ls red flashes in

living H. modesticaldum cells. As the results obtained were

very similar to what had been seen previously in Helio-

bacillus mobilis cells (Kramer et al. 1997; Nitschke et al.

1995), they will be discussed only briefly here. (See the

Supplemental Information and Fig. S1 for more details.)
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The immediate flash-induced bleaching of the BChl g Soret

band (400 nm) and Qy band (572 nm) attributed to oxida-

tion of P800 decays with a time constant of *1 ms, con-

comitant with the rise of new bleaching bands attributed to

oxidation of cytochrome (cyt) c553 at *420 nm (Soret),

*525 nm (b), and 553 nm (a). These bleachings are the

same as seen previously with the cyt c553 from H. gestii

(Albert et al. 1998), and this protein is well conserved

between the two species (Fig. S2) (Albert et al. 1998; Oh-

oka et al. 2002). The rate of this reaction increased as the

temperature was raised (data not shown), as was seen

previously in whole cells of H. gestii (Oh-oka et al. 2002),

but at room temperature we saw no evidence for a faster

kinetic component or for a slowing of this rate between

early and late log cultures (Fig. S3). Cyt c553 is re-reduced

with an apparent time constant of *150 ms, which is

attributed to the reduction of the di-heme cyt c by the Rieke

FeS cluster within the cyt b6c complex. This is accompa-

nied by net oxidation of a cytochrome b, consistent with

the operation of a Q-cycle in the heliobacterial cyt

b6c complex. (See the Supplemental Information for more

details.) Thus, the details of ET from the cyt b6c complex

to the HbRC via the membrane-attached cyt c553 appear to

be very similar between H. modesticaldum and previously

examined heliobacterial species.

Inverse relationship between stable P800
? and variable

fluorescence

Fluorescence emission from BChl g in living cells was

monitored using 10-ls excitation pulses in the blue region

(see ‘‘Materials and Methods’’). As observed earlier with a

different type of instrument (Collins et al. 2010), continu-

ous illumination produced an increase in fluorescence, but

the rise was strongly dependent upon the intensity of the

actinic illumination (Fig. 1a). A bright 40-ms pulse of

actinic light was given every 2 s to see if the fluorescence

was close to saturation; as can be seen, this was never the

case, although saturation was approached at the highest

actinic light levels.

Using a similar sequence of flashes, absorbance mea-

surements were performed at 805 nm to measure P800

oxidation and at 554 nm to measure cyt c oxidation.

Without continuous actinic light, the bright pulses were

sufficient to obtain transient maximal bleaching signals for

both P800 and cyt c553 (Fig. 1b, c; black traces). As the

intensity of the continuous actinic light was increased, the

steady-state level of P800 bleaching rose, presumably by a

partial limitation on the electron donor side. Somewhat

unexpectedly, the level of P800 bleaching attained imme-

diately after the 40-ms bright pulse became lower as the

actinic light was increased. At the highest actinic light level

used (1,700 lmol photons m-2 s-1), the level of P800

Fig. 1 Fluorescence (a), P800 (b), and cyt c553 (c) levels during

illumination of live H. modesticaldum cells. Actinic light was provided

by orange LEDs at an intensity of 0 (black), 180 (green), 430 (blue), and

1,700 lmol photons m-2 s-1 (red). P800 levels were monitored at 805 nm

(b) and cyt c553 levels were detected at 554 nm (c). Every*2 s, the actinic

light was pulsed to 4,300 lmol photons m-2 s-1 for 40 ms; the next

detection flash was 200 ls after the bright pulse. Illumination was initiated

at 0 s and terminated at 20.4 s (Note that all three measurements were

made with the same set of cells within a few minutes of each other)

Photosynth Res (2014) 120:221–235 225

123



photobleaching produced by the pulse was minimal

(Fig. 1b, red trace). This experiment was also run using a

saturating 6-ns laser flash to fully oxidize P800, and

essentially the same results were obtained (Supplemental

Information, Fig. S4), ruling out an artifact specific to the

method used to bleach P800.

Since the detection flash was given 200 ls after the

bright 40-ms pulse, an ET event reducing P800
? faster than

that would decrease the observed P800 photobleaching (i.e.

the oxidation and re-reduction would occur during the

spectrometer ‘‘dead time’’). One possible explanation is

that reduction of P800
? by cyt c553 would become faster in

cells exposed to continuous high actinic light, due to

optimization of ET processes. If this were the case, we

would expect to see a similar amount of cyt c553 oxidized

after each pulse, as cyt c553 is re-reduced by the cyt

b6c complex in tens of ms (see above and Supplemental

Information). However, the small amounts of P800
?

photobleaching produced by the pulses during high actinic

light were matched by correspondingly small amounts of

cyt c553 photobleaching (Fig. 1c). Thus, the fast reduction

of P800
? in high light must be carried out by another

electron donor. This is strengthened by the observation that

the steady-state level of P800
? increased with higher actinic

light (Fig. 1b), but not as much as one would expect. (For

example, after increasing actinic illumination *4-fold

from 430 to 1,700 lmol photons m-2 s-1, the steady-state

level of P800
? increased from *50 % of maximum to only

*60 % of maximum).

We found that the level of fluorescence observed was

inversely related to the amount of ‘‘stable’’ P800 photo-

bleaching observable by this technique. (We operationally

define ‘‘stable P800
?’’ as enduring longer than 200 ls.) We

have observed this phenomenon under many different

conditions, including aging of cultures, addition of exog-

enous reductants, oxidants, inhibitors, etc. (see Figs. S5 and

S6 in the Supplemental Information for some examples). In

every case, when the level of P800 bleaching produced by a

strong pulse of light was low, the fluorescence yield

immediately after the pulse was high, and vice versa. We

found earlier that a limitation of ET from cyt b6c and the

RC imposed by addition of stigmatellin blocked the fluo-

rescence rise [(Collins et al. 2010); see also Fig. S5b]; this

treatment also produced maximal stable P800 photoble-

aching (Fig. S5a). Thus, a limitation on the donor side

should lead to a high steady-state level of P800
? and a low

fluorescence state. Since the loss of stable P800 photoble-

aching is not due to rapid reduction by cyt c553 (see above),

our hypothesis to explain these data is that there must be a

limitation on the acceptor side when cells become highly

fluorescent. That the electron acceptor pool would become

limiting before the donor pool is unexpected; this is

discussed further below (see ‘‘Discussion’’ section). Con-

sistent with this hypothesis, we observed that the addition

of dithionite, which should result in reduction of the

electron acceptor pool (at least partially), has the effect of

increasing the fluorescence yield [(Collins et al. 2010); see

also Fig. S6a]. Under these conditions, the yield of stable

flash-induced P800 photobleaching was decreased (Fig.

S6b).

We further hypothesize that this acceptor side limitation

will lead to reduction of the FeS cluster(s) of the RC

(Collins et al. 2010). If the PshB1/PshB2 polypeptides act

as acceptors rather than subunits (see ‘‘Introduction’’), then

they would be part of the reduced acceptor pool. Once

PshB had dissociated, FX
- would be easily photoaccumu-

lated, since charge recombination of P800
?FX

- (15–20 ms)

is much slower than reduction of P800
? by cyt c553

(*1 ms). However, even if the PshB polypeptides did not

dissociate, the terminal acceptors of the RC would be

reduced in a large fraction of centers, if the acceptor pool

or the ambient potential was sufficiently reducing. Exci-

tation of RCs in the P800FX
– state should lead to generation

of the P800
?A0

-FX
- state, which would be followed by

charge recombination in *20 ns (Kleinherenbrink et al.

1991) to either re-generate the P800
* excited state or produce

3P800. A certain fraction may also recombine directly to the

ground state (i.e. internal conversion). Emission from the

singlet excited state would be the source of delayed fluo-

rescence. The fast back-reaction of P800
? A0

- would pre-

clude observation of P800 bleaching driven by the pulse, as

it would have decayed long before the measuring flash

200 ls after the pulse. This hypothesis would provide an

explanation for the inverse relationship between stable P800

photobleaching and variable fluorescence.

Pump-probe studies of forward and reverse ET

from A0
- in the ns timescale

In order to test this hypothesis, we needed to observe in a

direct way the ET reactions taking place within heliobac-

terial cells in the nanosecond timescale. To do this, we

made use of a lab built laser-flash pump-probe spectrom-

eter designed to work with strongly scattering samples

(Béal et al. 1999). Fresh heliobacterial cultures were loaded

anoxically into air-tight cuvets, and were dark adapted for

at least 1 min before each time course. The rate of ET from

A0 to FX is *600 ps in the HbRC purified from H.

modesticaldum (Chauvet et al. 2013), similar to what was

seen previously with other species (Neerken and Amesz

2001). The earliest spectrum that could be taken (*3 ns)

should therefore contain contributions from P800
?A0

- and

P800
?FX

-, with the former comprising a very small minor-

ity. By 17 ns, one would expect essentially all of the
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P800
?A0

- to have been converted to P800
?FX

-, yielding a

‘pure’ (P800
?FX

-–P800FX) difference spectrum (Fig. 2).

Thus, by performing a subtraction, and assuming that the

contribution of [FX
-–FX] is minimal in this spectral range,

we obtained an A0
-–A0 difference spectrum (Fig. 2).

These two difference spectra are compared in Fig. 2, with

the (P800
?–P800) difference spectrum scaled down 15-fold

to enable facile comparison. If one assumes that the

extinction coefficients of the bleaching band in the Soret

region for P800 and A0 are of a similar magnitude, then this

implies that *6–7 % of the HbRCs remain in the

P800
?A0

- state 3 ns after the pump flash. This is surprising,

using an estimated rate of ET from A0 to FX of *1.5 ns-1,

one would predict that only *1 % of P800
?A0

- would

remain at 3 ns after the pump flash. It is possible that this

ET event is bi-phasic and that the ultra-fast studies missed

a minor component with a slower lifetime of ET. Never-

theless, the (A0
-–A0) difference spectrum thus obtained is

very similar to the one obtained in membrane fragments

from H. mobilis using ultra-fast pump-probe spectroscopy

in the ps timescale (Lin et al. 1995), at least in the region of

spectral overlap (400–470 nm); the difference spectrum

presented in Fig. 2 is over a much larger spectral range.

Comparison of the P800
?–P800 and A0

-–A0 difference

spectra provided us with key wavelengths that were spe-

cific for P800 (600 nm) or A0 (580 nm), or that could be

used to monitor both (e.g. 460 nm).

The pump-probe system was modified to measure laser-

flash-induced absorbance changes while illuminating the

cells with a red laser diode (690 nm). At 460 nm, which

monitors both P800
? and A0

-, a small fraction of the signal

decays within *10 ns in dark-adapted cells, and should

thus corresponds to the ‘‘tail’’ of A0
- decay (Fig. 3a). The

addition of dithionite and PMS to cells in the dark did not

noticeably change the decay kinetics (Fig. 3a and data not

shown). However, pre-illumination for a few seconds with

red light was sufficient to induce a drastic change in the

kinetics. In cells that had been illuminated for 2 s, [80 %

of the absorbance change at 460 nm decayed with an

apparent time constant of *12 ns. This rate is consistent

with charge recombination from the P800
?A0

- state.

Spectra obtained at 3 and 50 ns after the flash demonstrated

that most of the charge separation was unstable in cells that

had been pre-illuminated in the presence of dithionite and

PMS (Fig. 3b). Taking the difference between the two

transient spectra allowed us to obtain a spectrum of the fast

decaying species, which we assign to (P800
?A0

-–P800A0).

Interestingly, a weighted sum of the (P800
?–P800) and

(A0
-–A0) difference spectra produced a reasonable

approximation of the (P800
?A0

-–P800A0) difference spec-

trum (Fig. S7), suggesting that, if formed, (3P800–P800) is

hardly detectable in our conditions, consistent with the

findings of Vrieze et al. (Vrieze et al. 1998).

Direct correlation of fluorescence increase with back-

reaction

We found that, although the presence of dithionite accel-

erated the induction of a rapidly recombining state, strong

actinic light was the only requirement. This is demon-

strated in Fig. 4. During each time course of actinic illu-

mination, a saturating single-turnover laser flash was fired

every *500 ms, followed by a probe flash after a certain

delay (8 ns, 50 ns, 3 ls, or 1 ms), to assess the stability of

charge separation. The initial pump-probe measurement

before illumination gave the expected result: only a very

small signal attributable to A0
- was seen at 8 ns, and it had

completely decayed by 50 ns (Fig. 4c), while P800
? did not

start to decay until after 3 ls, and was *60 % gone by

1 ms (Fig. 4a, b).

After illumination commenced, we saw steady-state

photobleaching of P800 within 100 ms, as assessed by the

probe flashes at 600 nm (Fig. 4c). (Note that changes at

460 nm cannot be used to quantify steady-state photoble-

aching of P800, due to contributions from longer-lived

processes, likely including energization of the membrane;

data not shown). However, the additional pump flash-

induced P800 photobleaching was no longer completely

stable in the ns time scale. After 500 ms of actinic illu-

mination (at 400 lmol photons m-2 s-1), less than 60 %

of the P800
? persisted to 50 ns. After 4 s of illumination,

less than 10 % of flash-induced charge separation was

stable. The decrease of stable P800
? was paralleled by the

increase of A0
- (transient bleach at 580 nm) seen at 8 ns

Fig. 2 Comparison of P800
?–P800 (black) and A0

-–A0 (gray) differ-

ence spectra in whole H. modesticaldum cells. The black spectrum

was obtained 17 ns after the pump flash, and should correspond to the

P800
?–P800 difference spectrum. The gray spectrum is the difference

between the spectra taken 3 and 17 ns after the pump flash, and

should correspond to the A0
-–A0 difference spectrum (The black

spectrum was scaled down by a factor of 15 to facilitate comparison.)
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after the pump flash (Fig. 4c). As expected, A0
- mostly

disappeared by 50 ns after the pump flash. The transient

flash-induced increase at 460 nm (which monitors both

P800
? and A0

-) reflects both these changes, in that the

magnitude of the transient rise both increased and became

less stable during the time course (Fig. 4a).

The rise of the rapidly recombining state seemed remi-

niscent of the rise of fluorescence seen in the LED

instrument. However, the actual actinic light experienced

by the cells was not directly comparable between these

experiments due to the different optical configuration of the

two spectrometers. Since, it is essential to measure both

fluorescence and transient absorption with the same set-up,

the laser-flash pump/probe system was modified to allow

direct comparison of fluorescence and transient absorption

intensities. Although it was not possible to perform both

measurements at the same time, we could change experi-

ments within a minute, allowing observation of fluores-

cence rise and transient absorption changes under the exact

same conditions. This was more than sufficient, as these

time courses were very reproducible for several hours (data

not shown).

The combined experiment is shown in Fig. 5 for three

different actinic light intensities. The rise in fluorescence

mirrored the rise in RCs exhibiting the fast back-reaction.

In order to test this correlation more quantitatively, we

calculated the fraction of back-reacting RCs at each time

point in the three time courses, as well as the variable

fluorescence (normalized to the extrapolated maximal

fluorescence) at the same time point. These are plotted

versus each other in Fig. 5D. The correlation is very good

(R2 & 0.98). Thus, we can explain virtually all of the

variable fluorescence as being due to RCs that are in the

fast back-reacting state.

Single photon counting analysis of fluorescence

emission from cells

Our working hypothesis is that under strong illumination,

the acceptor pool within heliobacterial cells becomes

reduced, resulting in the steady-state reduction of the

acceptor(s) within the RC. Once, the acceptor from A0
-

within a RC becomes reduced (which we will refer to as

‘X’), the RC will be in a closed state (P800A0X-) leading to

rapid recombination after excitation (P800
?A0

-X-).

Although our work here does not identify this acceptor, we

think it is likely to be the FX cluster (see ‘‘Discussion’’

section). Regeneration of the excited state by charge

recombination in a fraction of the recombining RCs will

result in delayed fluorescence emission from the RC/

antenna system. It is this emission that would be responsible

for the rise in fluorescence seen in vivo (FV). A prediction of

this hypothesis is that cells in a highly fluorescent state will

exhibit a new fluorescence decay component with a lifetime

around 15–20 ns, corresponding to the delayed fluorescence

after charge recombination. Such a long-lived component

(*18 ns) was observed in isolated H. mobilis membrane

fragments after treatment with dithionite (Kleinherenbrink

et al. 1994). We tested this hypothesis using TCSPC.

Fresh H. modesticaldum culture was anoxically loaded

into a sealed cuvet and analyzed by the TCSPC technique.

Emission was collected at wavelengths in the range of

790–860 nm, which should correspond to emission from

BChl g. The vast majority ([99.9 %) of the fluorescence in

cells decayed with a time constant of *20 ps (Fig. 6a;

Table 1), which is the trapping time in the HbRC from this

species (Sarrou et al. 2012). The sum of the long-lived

components ([1 ns) is less than 0.1 %, likely due to some

free pigments. In contrast, after addition of dithionite to the

Fig. 3 Time-resolved absorption spectroscopy of H. modesticaldum

cells treated with 5 mM dithionite and 10 lM PMS. a Kinetics of

absorbance changes at 460 nm in cells before (black) or after (gray)

illumination for 2 s with red light (400 lmol photons m-2 s-1),

preceding the actinic laser flash. b Transient spectra obtained 3 ns

(black squares) and 50 ns (gray diamonds) after pump flash in H.

modesticaldum cells treated with dithionite and PMS and pre-

illuminated for 2 s with red light. The difference spectrum (dashed) is

attributed to (P800
?A0

-) - (P800A0)
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cells, a significant increase of long-lived fluorescence

decay is observed. The result worth noting is the resolution

of a new long-lived component of 15–20 ns, which

accounted for 0.5–0.6 % of the total amplitude (Fig. 6a;

Table 1). This component is practically nonexistent

(B0.003 %) in cells before dithionite treatment. This time

constant is very similar to that of the back-reaction mea-

sured by pump-probe spectroscopy (e.g. Fig. 3a) and seen

in dithionite-treated membranes (Kleinherenbrink et al.

1994). The dithionite-treated cells also exhibited a *10-

fold increase in the other slower components of

600–900 ps and *3 ns (see Table 1). The reason for the

slowing of the trapping time from 25 to 36 ps is unclear at

this time, but it may be due to destabilization of the initial

charge-separated state in the presence of the reduced

acceptor (i.e., RC*X- ? P?A0
-X- would be slower than

RC*X ? P?A0
-X). Note that if one sums the product of

the amplitudes and lifetimes, it is possible to predict an

increase in steady-state emission of about five to sixfold.

The DAS of these decay components from cells without

and with dithionite are shown in Fig. 6b, c, respectively.

The emission spectrum of the slowest component (18 ns)

resembles that of the BChl g antenna system in the HbRC,

peaking at *810 nm (Fig. 6c). It is only slightly red-

shifted compared to the DAS of the trapping component

(20–40 ps). Under the same conditions, we also see an

increase of the steady-state fluorescence emission in the

790–830 nm region by *3–4-fold, depending upon the

excitation wavelength (Fig. S8). Thus, we conclude that the

18-ns fluorescence decay represents delayed fluorescence

after charge recombination of the P800
?A0

- state, and the

large increase in this component ([100-fold increase after

dithionite treatment) is the origin of the higher steady-state

fluorescence, as seen previously with dithionite-treated

membranes from H. mobilis (Kleinherenbrink et al. 1994).

Discussion

In an earlier publication in which variable fluorescence from

living heliobacteria was first reported (Collins et al. 2010), it

was hypothesized that this phenomenon arose from HbRCs

that were undergoing charge recombination from P800
?A0

-

after reduction of the acceptor side. Here, we have tested

that hypothesis using a series of time-resolved absorption

and fluorescence studies on living cells of H. modestical-

dum. We have found that the ability of P800 in the HbRC to

be stably photobleached (i.e. persisting for [200 ls) cor-

relates inversely with the variable fluorescence emitted by

the culture under a wide variety of conditions. Situations

that tend to result in reduction of the electron acceptor pool

(e.g. treatment of cells with dithionite and PMS; see Fig. S6)

also lead to less stable P800 photobleaching and to variable

fluorescence that rises earlier and to higher levels. In con-

trast, addition of stigmatellin, which inhibits re-reduction of

the mobile cyt c553 and thereby re-reduction of P800
?, has

the opposite effect (e.g. Fig. S5). In the ns timescale, we

found that illumination of cells for a few seconds with bright

light could put most of the HbRCs into a state that under-

went rapid charge recombination from P800
?A0

-. The fact

that this process was accelerated by addition of dithionite,

Fig. 4 Induction of rapidly recombining state by illumination of

untreated H. modesticaldum cells. Cells in anoxic medium were

illuminated with laser diode (400 lmol photons m-2 s-1 centered at

690 nm), starting at 100 ms after the first pump-probe measurement.

During each time course, a saturating red laser pump flash was fired

every 500 ms followed by a probe flash at 460 nm (a), 600 nm (b), or

580 nm (c) after a delay of 8 ns (blue), 50 ns (green), 3 ls (orange),

or 1 ms (red). Between pump flashes, absorption changes were

measured every 100 ms with the same probe flash
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but was not dependent upon it, argues that this phenomenon

is a natural consequence of limitations in electron flow

within the heliobacterial cell. Use of an instrument that

could measure fluorescence and transient absorption chan-

ges in the ns timescale demonstrated a strong linear corre-

lation between variable fluorescence and the fraction of

HbRCs that were undergoing charge recombination from

P800
?A0

-. Time-resolved fluorescence studies in the ps-ns

timescale showed that addition of dithionite to cells led to

the appearance of a long-lived component of fluorescence

decay (*18 ns), which could account for more than 0.5 %

of the decay. In all cases, the vast majority of the fluores-

cence ([98 %) decayed with a time constant of B50 ps, and

was consistent with photochemical trapping. The DAS of

trapping and delayed fluorescence were very similar, indi-

cating that both were emitted from excited HbRC antenna

pigments. The steady-state fluorescence emission spectra

from cells had a similar spectral shape (Fig. S8), and also

increased with addition of dithionite, providing further

support for the idea that the increase of fluorescence emis-

sion was largely due to the increase of the 18-ns component

assigned to emission after charge recombination.

Fig. 5 Time course of fluorescence rise and the loss of stable P800

photobleaching Cells were treated essentially the same as in the

legend to Fig. 4, except that illumination persisted for 15 s and

spectroscopic changes were monitored for 5 s after illumination was

terminated. (The first five flashes after the actinic light was

extinguished were spaced every 200 ms to observe the recovery

phase.) Actinic photon flux was 50 lmol m-2 s-1 (a),

200 lmol m-2 s-1 (b), or 500 lmol m-2 s-1 (c). The stability of

P800 photobleaching induced by the probe pulse was assessed by

probe flashes 8 ns (blue) and 500 ns (red) after the 6-ns pump flash.

Fluorescence emission ([780 nm) was measured using an identical

protocol, except that a probe flash at 420 nm was used to excite the

sample, and fluorescence was collected through long-pass optical

filters. Note that the pump flash induces a transient fluorescence

increase; the excitation flash followed the pump flash after a 10-ms

delay. d Plotted the fraction of back-reacting RCs versus the variable

fluorescence measured at the same time point on the 3 different

curves. (The maximal fluorescence was estimated from the fluores-

cence obtained using an actinic intensity of 1,700 lmol m-2 s-1, as

no increase in fluorescence was observed after the laser pump flashes

in this case, indicating that saturation had been achieved; not shown).

The data was fit to a linear equation (slope = 1.018 ± 0.013 and

intercept = -0.004 ± 0.006) with good agreement (R2 = 0.979)
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Mechanism of delayed fluorescence emission

by the HbRC

We have identified the state that undergoes charge

recombination, thereby leading to fluorescence emission,

as P800
?A0

-. The species that correlates with the rise of

variable fluorescence has a decay constant of *18 ns. This

time constant and the transient difference spectrum (Fig. 3)

are both consistent with this species being P800
?A0

-. What

is unclear at this point is the exact identity of the cofactor

‘X’ that is reduced, thereby blocking forward ET from A0.

At this point, the role of the menaquinone found in the

HbRC is controversial, as discussed in the Introduction. If

MQ is not used as an intermediate in ET between A0 and

FX, then the state undergoing back-reaction after excitation

would be P800FX
-. If MQ were used as an obligatory

intermediate in ET from A0 to FX, then the state under-

going back-reaction after excitation would be P800MQ-.

Although we cannot exclude between those two possibili-

ties based on the data reported here, we found that H.

modesticaldum HbRCs almost completely lacking MQ

behaved identically to HbRCs containing MQ, in terms of

charge separation, kinetics of forward ET from A0 and

back-reaction from FX; moreover, the addition of MQ had

no discernable effect (Chauvet et al. 2013). Kleinheren-

brink et al. (Kleinherenbrink et al. 1993) had previously

found no effect upon forward ET after depletion of men-

aquinone from membranes of H. chlorum. We have also

found that addition of dithionite to the purified core HbRC

results in reduction of FX without any sign of a semiqui-

none radical, leading to a state that is unable to stably

photobleach P800; this state is quickly reversed by brief

exposure to air (Cowgill et al. manuscript in preparation).

Thus, we think it most likely that the rapidly recombining

state responsible for the delayed fluorescence is one in

which the FX cluster is reduced.

Delayed fluorescence has been seen before in type 1

RCs. It was observed in PS1 particles and PS1-containing

membranes that had been illuminated in the presence of

dithionite (Ikegami 1976; Tripathy et al. 1984; Kleinher-

enbrink et al. 1994). Similar increases in steady-state

fluorescence was seen in heliobacterial membranes upon

reduction by dithionite (Kleinherenbrink et al. 1994). In

membranes containing either PS1 or the HbRC, the

increase of steady-state fluorescence was explained by the

rise of a long-lived (*15–50 ns) component of fluores-

cence decay, attributed to delayed fluorescence after charge

recombination from the P?A0
- state (Kleinherenbrink

et al. 1994). What we have observed here in illuminated

heliobacterial cells is very likely to be the same phenom-

enon, as it has similar characteristics.

An important issue that we have left unaddressed so far

is the intrinsic yield of delayed fluorescence. We predict

that there are multiple fates possible after excitation of an

HbRC in the P800FX
- state. While, the yield of trapping may

be slightly reduced in this state, the major effect on trap-

ping is to reduce its rate from 25 to 36 ps (Table 1). This is

likely due to the negative charge on FX
- raising the energy

of the initial charge-separated state (i.e., the energy of

Fig. 6 Time-resolved fluorescence analysis in live heliobacterial

cells. a Comparison of fluorescence decay kinetics of H. modestic-

aldum cells recorded at 810 nm on the 50-ns timescale without

(black) and with dithionite (red). (Periodic spikes are due to the

incomplete removal of the rejected pulses from the pulse selector).

The DAS of fluorescence decay components, from global fitting of

kinetics between 790 and 860 nm on the 50-ns timescale are shown

for living cells without (b) and with (c) addition of 50 mM dithionite
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P800
?A0

-FX
- is higher than that of P800

?A0
-FX). Once, the

P800
?A0

-FX
- state has been formed, there are four possible

pathways to consider: (1) internal conversion to the ground

state (P800FX
-); (2) charge recombination of P800

?A0
- to

the excited triplet state (3P800FX
-); (3) charge recombination

to the excited singlet state (P800
* FX

-); and (4) forward ET to

an alternate acceptor, Z (yielding P800
?FX

-Z-) or perhaps

P800
?FXZ2-). Since, the lifetime of P800

? largely matches

that of A0
- when cells are in the back-reacting state

(Fig. 4), it appears that the fourth hypothetical pathway

would represent a minor pathway. Thus, we will focus on

charge recombination. Only the third pathway would lead

to fluorescence emission, and this would be in competition

with the first two pathways.

In order to simply the analysis, we consider a two-state

model: the excited state (Ant/RC*) and the initial charge-

separated state (P800
?A0

-). This model is discussed in

greater detail in the Supplemental information (see Fig.

S9). We will ignore the *3-ns fluorescence decay com-

ponent, as this is almost surely due to a small amount of

uncoupled pigments; we will also assume that the intrinsic

fluorescence emission rate is roughly 3 ns-1. We thus take

into account the 25- and 875-ps lifetimes for the sample

under ambient redox conditions (i.e. FX oxidized), and the

36-ps and the 18-ns components for the dithionite-treated

sample (i.e. FX reduced). The lifetime of 875 ps is close to

the estimated transfer time from A0
- to FX, and would thus

represent effective ‘‘exit’’ from the two-state system.

Observation of this component in the fluorescence emission

decay implies that interconversion of the two states occurs

on a time scale comparable to excited state decay. The

same argument can be applied to the case in which FX is

reduced, with the 18-ns component representing overall

conversion of the charge-separated state and excited state

to a non-fluorescent one. The amplitude of this component

provides an estimate for repopulation of the excited singlet

state from the charge-separated state. In the case of FX

oxidized, to reproduce an amplitude of *0.06 % for the

875-ps component with a charge separation rate from the

antenna of about 40 ns-1, and a depopulation of the

charge-separated state by forward ET of 1.2 ns-1, the rate

of recombination to the emitting state (kCR in the model;

Fig. S9A) must be *0.02 ns-1 (i.e. *2,000-fold slower

than photochemistry). When FX is reduced, the amplitude

of the slower phase (18-ns in this case) increases ninefold

(Table 1). Considering a charge separation rate of 28 ns-1

(due to the slower decay observed in the measurements)

and a non-radiative depopulation of the charge separated

state FX of 0.05 ns-1, the rate of repopulation of the

antenna excited state from P800
?A0

- must be *0.16 ns-1

(i.e. *8 times faster than when FX is oxidized). Thus, the

pseudo-equilibrium between Ant/RC* and P800
?A0

- gov-

erned by kCS/kCR would be *2,000 with FX oxidized and

*175 with FX reduced, which is perhaps unsurprising

given the extra negative charge on FX in the latter case.

One can thus estimate the ratio of non-radiative to radiative

decay from the equilibrated two-state system to be

(kout/kf)*(kCS/kCR), which would be 26 when FX is reduced.

A numerical simulation using these rate constants, which

takes into account decay from the pre-equilibrated system

(where fluorescence emission is favored), gives a ratio of

*20. Using these rate constants, we also calculate that

fluorescence emission would be *5-fold higher when FX is

reduced than when it is oxidized, which agrees fairly well

with our data. These numbers should not be taken too

seriously, as these are only rough estimates, but we are

likely to be close to the actual rates, as the numbers cal-

culated from the numerical simulation do not depend very

sensitively on the rate constants used.

Our data seem to suggest that RC triplet formation at

room temperature is negligible, as we failed to observe

spectral features characteristics of BChl g triplet–triplet

absorption. Thus, we tentatively suggest that the rate of

internal conversion to the ground state is much higher than

the rate of conversion to the triplet state. The 3P800 triplet

state has been detected at low temperatures in membranes

from H. chlorum, however, and its formation was shown to

be dependent on the redox state of the acceptor side (Vrieze

et al. 1998). It is possible that the yields of the different

pathways after formation of the charge-separated state in

the presence of FX
- are somewhat temperature dependent.

Further work will be required to resolve these issues.

Why does the acceptor pool become limiting?

One of the consequences of our conclusion about the origin

of heliobacterial variable fluorescence is the requirement

that the in vivo pool of electron acceptors becomes

exhausted before the pool of electron donors. We know this

is the case, because inhibition of the cyt b6c complex with

Table 1 Fluorescence decay components in live H. modesticaldum cells obtained on a 50-ns timescale, obtained from global analysis using a

sum of exponential decays model

Sample s1 (%) s2 (%) s3 (%) s4 (%) v2

Cells 25 ps (99.91 %) 875 ps (0.06 %) 3.05 ns (0.021 %) 18.0 ns (0.003 %) 1.37

Cells ? dithionite 36 ps (98.48 %) 625 ps (0.69 %) 3.32 ns (0.37 %) 17.9 ns (0.54 %) 1.03
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stigmatellin results in a decrease in fluorescence (Collins

et al. 2010); see Fig. S5). This also implies that the pool of

electron donors to the RC extends beyond the pool of cyt

c553. This is presumably because there is no (stable) charge

separation in RCs with oxidized P800, and charge separa-

tion must precede charge recombination. Also, addition of

dithionite (with the mediator PMS) has the effect of has-

tening the rise and increasing the extent of fluorescence

after illumination commences. We interpret this to mean

that the addition of exogenous low-potential reductant has

the effect of reducing cellular electron acceptors, rather

than the acceptor side of the HbRC itself. If the latter had

occurred, then one would expect to see an immediate rise

in fluorescence without the need for pre-illumination.

However, we must say that this conclusion is rather

unexpected. To our knowledge, the only electron donor to

the HbRC is the mobile, membrane-attached cyt c553. In

contrast, there are likely several primary and secondary

electron acceptors, if one considers all the ferredoxins and

NAD(P) pools that are in redox equilibrium with the

immediate electron acceptor(s) of the HbRC. Moreover,

there are several electron sinks in the cell, including all the

anabolic pathways that require reducing power. The major

input of electrons into the electron acceptor pool is likely the

oxidation of pyruvate (the major carbon/electron source in

the medium) via the pyruvate:ferredoxin oxidoreductase,

and these cells were grown on pyruvate. At this point, we

simply do not know the relative fluxes of the various path-

ways to and from the cellular electron acceptor pool.

However, we can say that some light-independent

step(s) must become limiting when the HbRC is driven by

strong continuous light. Given that inhibition of the cyt

b6c complex with stigmatellin results in a decrease in fluo-

rescence, we can rule out this enzyme as the weak link in the

chain. If we consider the other enzymes likely to be involved

in cyclic electron flow in heliobacteria, possible candidates

for the rate-limiting steps include FNR (ferredoxin:NAD

oxidoreductase) and the NAD(P)H:menaquinone oxidore-

ductase. A limitation by either of these enzymes would

result in a back-up of electrons in the acceptor pool.

Finally, it is worth noting that all the studies shown here

were performed at room temperature (23–25 �C), but the

organism was grown at 45–48 �C. Thus, one might well

ask if the limitation in electron flow was due to a retar-

dation of specific steps due to the lowered temperature.

This does not appear to be the case, as it has already been

shown that fluorescence actually rises faster as the tem-

perature rises from 20 to 48 �C in H. modesticaldum

(Collins et al. 2010). Also, electron donation from the

membrane-attached cyt c553 to P800
? is very temperature

dependent, slowing as the temperature falls (Oh-oka et al.

2002; Kashey et al. submitted for publication). One might

also expect that enzymes using quinones as substrates may

have lower steady-state rates, if diffusion of MQ in the

membrane becomes markedly slower at lowered tempera-

ture. In the cyclic electron transport pathway, one might

therefore expect to see retardation of the cyt b6c complex

and the NAD(P)H:menaquinone oxidoreductase. Given

that we know that slowing of ET from the cyt b6c complex

via the mobile cyt c will result in lowered fluorescence (due

to accumulation of closed RCs), we therefore think it

unlikely that the lowered temperature is a cause, direct or

indirect, of the variable fluorescence phenomenon descri-

bed here, although it certainly modulates the kinetics of its

rise and fall.
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