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Introduction  
A red-shifted chlorophyll, Chl f (Fig. 1), was first 

found in a methanolic extract of cells predominating in 
the enrichment culture of microalgae collected from Shark 
Bay stromatolites.[1] Shortly afterward, a cyanobacterium 
producing Chl f only when cultivated under far-red light 
(FR light) was discovered there, and was then named 
Halomicronema hongdechloris.[2]  At around the same 
time, a Chl f-producing unicellular cyanobacterium, strain 
KC1, was isolated from freshwater environment, Lake 
Biwa, while Chl f was also detected only when cultivated 
under FR light.[3, 4, 5] The amount of Chl f in these algae 
grown under FR light was very small, and its function has 
not been clarified to date. 

As shown in Fig. 2, there is slight but significant 
overlap between emission spectrum of FR LED light and 
absorption spectrum of the strain KC1 cells cultivated 
under FR LED light, where a small absorption shoulder 
around 700 nm derived from Chl f in the cells overlaps 
with the foot of emission spectrum of FR LED light, 
arising from acclimation to FR LED light. However, such 
a shoulder cannot be seen in the cells grown under white 
fluorescent light, and no production of Chl f takes place.

It is of interest to note that incandescent light can be 
absorbed by the small absorption shoulder derived from 
Chl f (Fig. 2), and hence Chl f is expected to be found also 
in the KC1 cells cultivated even under incandescent light.  
In this paper, we investigate whether Chl f is observed in 

the strain KC1 cells grown under incandescent light.
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ABSTRACT
Previously chlorophyll f was found as a minor pigment in a unicellular cyanobacterium, strain KC1 isolated from Lake 

Biwa, when cultivated under far-red LED light, whereas Chl f was not observed at all under white fluorescent light.  A very 
small amount of Chl f was detected for the first time in strain KC1 grown under incandescent light. 
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Materials and Methods 
Algal culture

Cells of the strain KC1 cyanobacterium were grown in 
BG-11 medium in a glass cell culture flask (1 L) at 297 K 
with continuous air-bubbling. Cells were incubated under 
continuous white fluorescent light (TOSHIBA, FL6W, 50 
μmol photons/m2/s), incandescent bulb (National, Silica 
100V90W, 20 μmol photons/m2/s) or far-red LED light 
(SANYO, MIL-18(A), 740 nm peak, 30 μmol photons/
m2/s).  Cells at the early stationary phase were harvested by 
centrifugation. The cell pellet was stored in a refrigerator 
at 193 K until use.

Pigment preparation
Chlorophyll f was extracted with acetone/methanol 

(7/3, v/v) mixture at 277 K from the Chl f-containing 
cyanobacterium strain KC1 grown under FR-LED light.  
The extract was applied to a preparative-scale HPLC 
(Senshu Pak 5251-N, 250 mm x 20 mm i.d.) and eluted 
with hexane/ 2-propanol/methanol (100/2/0.4, v/v/v) at a 
flow rate of 7 mL min-1 at 277 K, as described elsewhere.
[6]  Chlorophylls a and b were extracted from parsley 
(Petroselinum crispum Nym.), which were then purified 
by the same method as for Chl f.  Other authentic pigments, 
Chl a’ and Phe a, were prepared by epimerization and 
pheophytinization of Chl a as described elsewhere.[7]

Pigment analysis
Pigments were extracted from cell suspension (ca. 10 

μL) by sonication in a ca. 300-fold volume of acetone/
methanol (7/3, v/v) mixture for 2 min in the dark at ca. 
277 K.  The extract was filtered and dried in vacuo.  The 
whole procedure was completed within 5 min.  The solid 
material thus obtained was immediately dissolved in ca. 
10 μL of chloroform, and injected into a silica HPLC 
column (YMC-Pak SIL, 250 x 4.6 mm i.d.) cooled to 

277 K in an ice-water bath. The pigments were eluted 
isocratically with degassed hexane/2-propanol/methanol 
(100/1/0.4, v/v/v) at a flow rate of 1.0 mL min-1, and were 
monitored with a JASCO UV-1570 detector (λ = 404 nm) 
and a JASCO photodiode array detector MD-915 (λ = 300 
- 800 nm) in series.  The pigments remaining in the flask 
was dissolved in acetone, and its absorption spectrum was 
measured with a JASCO V-560. 

The Chl f /a’ and Chl f /Phe a ratios were calculated 
from the corresponding HPLC peak area ratios by 
assuming that the QY(max) molar extinction coefficient of 
Chl f is the same as that of Chl d.[8]

Results and discussion
The absorption spectra in acetone for pigment extracts 

from the strain KC 1 cells cultivated under white fluorescent 
light, incandescent light or far-red LED light are shown 
in Fig. 3. Contrary to our expectations, the corresponding 
shoulder peak around 700 nm brought about by Chl f is 
hardly observed in the spectrum for pigment extracts 
from strain KC1 cells cultivated under incandescent light, 
which intimate to us that Chl f might be absent from the 
KC1 cells grown under incandescent light.

We, however, noted that the strain KC1 cells cultivated 
under FR light contained ca. 8 Chl f molecules per 
100Chls a (Fig. 4C), which made a small shoulder 
around 700 nm being capable of finding Chl f even by 
the simple absorption spectrum method (Fig. 2).  If Chl f 
was far too little, e.g. 1-2Chls f/100Chls a, to make such a 
characteristic absorption shoulder, one would not be able 
to notice Chl f exiting from the absorption spectrum. 

In such a case, however, HPLC with high sensitivity 
is able to detect Chl f even below the level of one Chl f 

Fig. 3 Absorption spectra in acetone for acetone/methanol 
extracts of cells of strain KC1 acclimated under the different 
light conditions; white fluorescent light (･･････), incandescent 
light (　 　) and FR-LED light (－－－). Absorption spectra are 
normalized by the Soret peaks.

400 500 600 700 800
Wavelength / nm

E
m

iss
io

n 
In

te
ns

ity
 a

nd
 A

bs
or

ba
nc

e 
(a

.u
.)

Fig. 2 Emission spectra of white fluorescent light (･･････), 
incandescent light (　 　), FR LED light (－－－), and absorption 
spectrum in acetone for acetone/methanol extracts of the strain 
KC1 cells grown under FR LED light  (－･－･－).
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molecule per 100Chls a.  Typical HPLC traces for acetone/
methanol extracts from cells of the cyanobacterium strain 
KC1 grown under white fluorescent light, incandescent 
light and FR LED light (λmax = 740 nm) are shown in Fig. 
4.  A large amount of Chl a, as well as small amounts 
of Chl a’ and Phe a, were detected without exceptions.  
In addition, the strain KC1 grown under FR LED light 
showed the presence of Chl f as a minor pigment (Fig. 
4C), but a complete absence of Chl f under white 
fluorescent light (Fig. 4A) as reported previously.[9]  As 
had been expected, for the first time Chl f was found when 
cultivated under incandescent light, while the amount was 
infinitesimally small (Fig. 4B). The corresponding peak 
showed the absorption spectrum characteristic of Chl f 
(see inset). 

The molar ratio of Chl f/100Chl a in the cells of the 
strain KC1 grown under incandescent light is found to be 
1.6, while the corresponding ratio under FR LED light is 
considerably larger, ca. 8.2.  Under incandescent light, 
pigment stoichiometries of Chl f/Chl a’ and Chl f/Phe a are 
1.1 and 2.2, respectively.  On the basis of Chl a’/PS I = 1/1 
and Phe a/PS II = 2/1,[10] stoichiometries of    Chl f/PS I 

and Chl f/PS II in the cells grown under incandescent light 
are calculated to be ca. 1 and 4, respectively, revealing 
Chl f to be present in either only PS I or only PS II.  At the 
moment we cannot say which photosystem contains Chl f 
under incandescent light.

According to our previous study, however, 
stoichiometries of PS I/PS II (= Chl a’/2Phe a) changed 
from 6.5 under white fluorescent light to 2.7 under FR LED 
light,[9] and similar tendency was observed in the present 
study (see Figs. 4A and C). The PS I/PS II stoichiometry 
in the cells grown under incandescent light examined 
here is 4.1, which is intermediate between them. Taking 
into account such acclimation to light, we have assumed 
that Chl f might exist only in PS II in the strain KC1 cells 
grown under incandescent light, which is supported in 
part by the recent study on PS I and PS II preparations 
isolated from the cells grown under FR light showing Chl 
f/PS I = 7-8 and Chl f/PS II = 4.[11]  However, in order 
to confirm our expectations, further studies, e.g. precise 
pigment analyses of PS I and PS II preparations from cells 
grown under incandescent light, are eagerly awaited, and 
such experiments are now under way.

Further, there remains a possibility that Chl f might be 
generated in the inner cells of a glass cell culture flask.  
Due to the light shielding effect of the surrounding cells, 
the inner cells may be considerably exposed to the light 
in the FR region from light bulbs.  In order to exclude the 
light shielding effect, it is necessary to culture the cells in 
a thin culture container, and the attempt is also ongoing,

We should pay close attention to carotenoids as well as 
chlorophylls, since when turning our eyes to the absorption 
spectra of pigment extracts in the 450 nm to 500 nm region, 
the cells grown under incandescent light shows a marked 
difference, namely, the higher ratio of carotenoids/Chls 
under incandescent light (Fig. 3).  The result suggests Chl 
f to be inducted by not only self-shading effects but also 
acclimation to incandescent light. At present, however, 
it is vague why the Cars/Chls ratio is higher under 
incandescent light and where extraneous carotenoids are 
located in the cells grown under incandescent light, and 
hence studies of Car are also needed. 
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Introduction  
Heliobacterium chlorum was first isolated 

serendipitously in 1981 from a soil sample collected in 
front of the Biology Department of Indiana University 
using an incorrectly prepared culture medium for other 
anoxygenic bacteria [1].  A new bacteriochlorophyll, BChl 
g esterified with farnesol, was discovered in this bacterium 
[2]. Bacteriochlorophyll g contains an 8-ethylidene group, 
and isomerization of the 8-ethylidene group of BChl g 
easily takes place to yield Chl a esterified with farnesol, 
Chl aF [2-4], suggesting that BChl g is the most likely 
candidate for the ancestor of Chl a functioning in oxygenic 
photosynthesis [5].

The primary electron donor P798 (or P800) is a special 
pair of BChl g’, a counterpart of P700, which is a pair of Chl 
a and Chl a’, in PS I [5-10].  The primary electron acceptor 
A0 is 81-hydroxy-Chl a (81-OH-Chl a), similar to A0, Chl a, 
in PS I [5, 11].  The terminal electron acceptors FX, FA, and 

FB are [4Fe-4S] type iron-sulfur clusters in PS I [12-15].  
The identity of these components has been confirmed by 
the recent study on the 2.2-Å resolution crystal structure 
of the RC of Heliobacterium modesticaldum [16].

In contrast, the role of MQ in the HbRC has been 
controversial.  Even from the crystal structure mentioned 
above, it has not been clear if quinones act in HbRC as 
an acceptor between A0 and FX, whereas A1 in PS I has 
been identified as phylloquinone (PhQ) [9, 17-20].   In 
1989, menaquinones (MQs)-7,8,9 and 10 were identified 
as the only quinones in Heliobacterium chlorum [21] and 
Heliobacillus mobilis [22]. Moreover, photoaccumulation 
of semiquinone was observed in the RCs of Hb. chlorum, 
Hc. mobilis and Hb. Modesticaldum [23-28], but no 
corresponding spectral change in the UV region was 
observed [29]. Furthermore, MQ can be extracted without 
effect of charge separation to FeS centers [30].

As mentioned above, no clear bindings of MQ 
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molecules were seen in the recently-revealed structure of 
the RC of Hb. modesticaldum, while the HbRC showed 
high similarity to PS I except for the absence of quinone 
[16]. However, there was an unassigned electron density 
to one side of A0 that appeared to have an isoprenyl tail, 
suggesting the loss of intrinsic MQ during the preparation/
crystallization of the HbRC.  Note that a weaker ESP signal 
was detected from the RC of Hb. modesticaldum purified 
high enough for crystallization, strongly suggesting that 
tiny amounts of MQ still remain in the purified HbRC.  
Therefore, it is interesting to clarify whether such traces 
of MQ still remain in the HbRC.    

In this research, the HPLC system was modified to be 
capable of detecting trace amounts of MQ remaining in 
the purified RC core complexes of Hb. Modesticaldum.

Materials and Methods 
Pigments extracted from cells and highly-purified RC 

core proteins by  the procedure previously described [5, 31, 
32] were injected onto a reversed-phase high-performance 
liquid chromatography (HPLC) column (Kaseisorb 
LC-ODS 2000-3, 250 ´ 4.6 mm) cooled to 277 K, and 
eluted isocratically with a degassed eluent of 86:13:1:0-
3 ethanol/methanol/2-propanol/water, E*W(100/0-3), at 
a flow rate of 0.40 mL/min. Eluates were monitored in 
series with a JASCO UV-2070 detector (l = 248 nm) and 
a Shimadzu multi-wavelength detector (SPD-M10A). 
The amount of pigments was determined by integrating 
the peak areas of the HPLC chromatograms, which 
were obtained using the molar extinction coefficients of 
individual compounds. Since BChl g and its 132-epimer, 
BChl g’, were easily converted to Chl a-like derivatives 
upon exposure to air, their values were summed up in the 
estimation of the total content of (B)Chl molecules. The 
detection system had been calibrated several times with 
known amounts of authentic BChl g, g’, Chl a, MQ-4 and 
MQ-7, where MQs-4 and 7 were purchased from Wako 
pure chemicals (Osaka, Japan). APCI-mass analyses of 
quinones were performed on a Shimadzu LCMS-2010EV 
spectrometer with an acceleration voltage of 4.5 kV. The 
highly-purified RC core protein was prepared after a gel 
filtration chromatography (Sephacryl S-200) of the RC 
core as described in [28].

Results and Discussion
Typical reversed-phase HPLC traces of acetone/

methanol extracts from cells of Hb. modesticaldum, 
Heliobacillus mobilis and Heliobacterium fasciatum are 
shown in Fig. 1, where MQs-6, 7, 8 and 9 were clearly 
separated with a simple isocratic eluent of E*W(100/3). 
The retention time for MQ-7 of Hb. mobilis and Hb. 
fasciatum was identical to that of authentic MQ-7 

Four kinds of quinones found in three species of 
heliobacteria showed the same absorption spectra as that 
of authentic MQ-7, with all having absorption maxima at 
248, 270 and 332 nm (Fig. 2), elucidating the presence of 

Fig. 2  Typical absorption spectra of (A) MQ-6 from Hb. 
fasciatum, (B) MQ-7 from Hb. fasciatum and Hc. mobilis, 
(C) MQ-8 from Hc. Mobilis and Hb. Modesticaldum, (D) 
MQ-9 from Hc. mobilis and Hb. Modesticaldum and (E) 
authentic MQ-7 in HPLC eluent measured by the photodiode 
array detector.

Fig. 1  Reversed-phase HPLC elution profiles of acetone/
methanol extracts of cells of (A) Hb. modesticaldum, (B) Hc. 
Mobilis, (C) Hb. Fasciatum and (D) a mixture of authentic 
MQ-4, PhQ and MQ-7.  The pigments were eluted isocratically 
with a degassed solvent mixture of ethanol/methanol/2-propanol/
water (86/13/1/3), E*W(100/3), at a flow rate of 0.40 mL/min at 
277 K and monitored with a photodiode array detector. Detection 
wavelength was 248 nm.
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the same framework, naphthoquinone (see Fig. 6B).     
APCI-mass spectra of MQs-6,7,8,9 of Hb. Fasciatum, 

Hc. mobilis and Hb. Modesticaldum are shown in Fig. 
3.  The positive ion APCI-mass spectrum of quinone 
of Hb. fasciatum showed a molecular ion peak [M+H]+ 
at m/z 581.4 (Fig. 3A), which is identical to that of 
MQ-6 (C41H58O2; mol wt = 580.4).  The mass spectrum 
of quinone of Hb. fasciatum and Hc. mobilis showed a 
molecular ion peak [M+H]+ at m/z 649.5 (Figs. 3A and B), 
which is in accord with that of MQ-7 (C46H64O2; mol wt = 
648.5).  The mass spectrum of quinones of Hc. mobilis and 
Hb. modesticaldum showed a molecular ion peak [M+H]+ 
at m/z 717.6 and 785.5 (Figs. 3B and C), coinciding with 
those of MQ-8 (C51H72O2; mol wt = 716.6) and MQ-9 
(C56H80O2; mol wt = 784.6).

On the basis of (B)Chls/P798 = 60 [16], the molar 
ratios of MQ-8/P798 and MQ-9/P798 in the cells of Hb. 
Modesticaldum were calculated from the molar ratios of 
MQ-8/(B)Chls and MQ-9/(B)Chls to be 4.4 and 15.4, 
respectively, leading to the MQ-pool size = ca. 20 (Fig. 
4A). If the HbRC contains two MQ molecules, the amount 
of MQ in the purified HbRC can be calculated to be one-
tenth of 20 molecules of MQ found in MQ pool mentioned 
above.  As seen in Fig. 4B, even such a small amount of 
MQ is a little difficult to be detected by our HPLC system 
with an isocratic eluent E*W(100/3) in Fig. 4B, but easily 
detected with E*W(100/1) in Fig. 4B’, since by changing 
eluent from E*W(100/3) to E*W(100/1) the retention 
times of MQs get shorter, making the corresponding peaks 
sharper and higher.   

Conversely, HbRC core proteins pure enough for 
crystallization showed terribly weak ESP signal, and 
hence the MQ/P798 ratio was assumed to be not 2 but 
below 0.5.  While the system with eluent used in Fig. 4B’ 
was not able to detect low levels of MQ quantitatively, if 
such trace amount of MQ must be detected quantitatively, 
a more sensitive system able to detect at least 0.2 level 
of MQ/P798, namely, one hundredth of the MQ pool 
size, is needed. Nevertheless, as presented in Fig. 4C, 
low level traces of MQ, MQ/P798 = 0.2, can be detected 
with a simple isocratic eluent of E*W(100/0) with a 

multi-wavelength detector.  The inset chromatogram 
in the MQ-8 to 9 region in Fig. 4C was obtained with a 
monochromator, which is expected to allow more accurate 
detection of trace quantities of MQs remaining in the 
highly purified HbRC.

On the other hand, a typical trace of acetone/methanol 
extract obtained by the modified HPLC system from the 
highly purified RC core complex of Hb. modesticaldum 
is illustrated in Fig. 5.  Both MQs-8 and 9 were detected 
in the purified HbRC, and the corresponding two peaks 
showed the characteristic MQ absorption spectra with 
absorption maxima around 250, 270 and 330 nm (see inset 
in Fig. 5).  On the basis of (B)Chls/P798 = 60 [16], the 
molar ratios of MQ-8/P798, MQ-9/P798 and (MQs-8 + 
9)/P798 in the purified HbRC were calculated to be 0.14, 
0.66 and 0.80, respectively (Table 1). The model for MQs/
RC = 0.8 is schematically illustrated in the inset (Fig. 5), 
supposing there was no RC possessing two molecules of 
MQs.  In this model, the 4/10 RC contains one MQ, the 
other 4/10 has one MQ in each opposing side, and the 
remaining 2/10 possesses no MQ.  Unlike PS I, there was 
no tightly bound quinone in the recently published 2.2-Å 
resolution structure of the HbRC, but to one side of A0 

there was an unassigned electron density that appeared to 
have an isoprenyl tail [16]. A MQ molecule seems to fit 
into this density, visualizing where it might bind in the 
HbRC, hence the MQ binding site might be located in the 
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Fig. 3  A series of APCI-mass spectra of quinones of (A) Hb. 
Fasciatum , (B) Hc. mobilis and (C) Hb. modesticaldum.

Fig. 4  Reversed-phase HPLC elution profiles of acetone/
methanol extracts of  Hb. modesticaldum cells.  Cell 
suspension of (A) was diluted to 1/10 (B and B’) and 1/100 (C).  
The degassed eluting solutions are (A and B) E*W(100/3), (B’) 
E*W(100/1) and (C) E*W(100/0).  Pigments are isocratically 
eluted and monitored with a photodiode array detector.  The 
inset chromatogram in (C) in the region from MQ-8 to 9 was 
monitored with a monochromator. Detection wavelength was 
248 nm.
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unassigned electron density [33].
It should be noted that some electron paramagnetic 

resonance experiments have been interpreted as evidence 
for the involvement of a semiquinone species during 
forward ET within the HbRC [25-28].  Additionally, a 
new type of ESP signal in the RC core complex of Hb. 
modesticaldum has been recently reported and ascribed to 
the P798+A1

- state, whereas MQ in the HbRC is somewhat 
different from PhQ functioning as A1 in the PS I RC, in 
terms of the molecular orientation and/or distance [26-28].

What is more, the molar ratio of MQ-9/8 = 3.8 found in 
the purified HbRC is almost the same as that found in the 
cells, namely, 3.6 (Table 1), strongly indicating that MQs 
are loosely bound to and dissociate from HbRC rather 

easily [22, 34, 35], which most probably brings MQ to 
the thermal equilibrium between the HbRC and the MQ-
pool in membranes (Fig. 6A). This hypothesis strongly 
supports the idea that MQ also serves as an alternate cyclic 
electron transfer component via MQ-pool in membranes 
[33], similar to the mobile quinones for the type-II RCs. It 
is worth mentioning that the HbRC preferentially reduce 
soluble electron acceptors (e.g. ferredoxins, Fd) in low 
light, but switches to reducing lipophilic quinones in high 
light, when the soluble acceptor pool becomes full [33, 
36]. As a result, the HbRC may represent a functional 
evolutionary intermediate between the type I and II RC 
[33]. 

Similarly, the electron acceptor A1 in PS I has been 

Fig. 6  (A) Proposed model for electron transfer scheme via two 
pathways in heliobacteria (adapted from Kashey et al. 2018). 
One is from FX to cellular ferredoxin (Fd), and the other is from 
HbRC to Cytb6 via internal MQ and MQ-pool.  (B) Schematic 
illustration of succession of cofactors in the PS I-type RCs 
based on the molecular structures of key chlorophylls (BChl g, 
g’→Chl a, a’) and quinones (MQ→PhQ) (adapted from Ohashi 
et al.2010).

Fx

(BChl g’)2

OH-Chl aF OH-Chl aF

MQnMQn

e-

e-

e-

MQn

MQn

HbRC

Cyanobacteria

(Chl a’/a)

MQ -4
Fe-S

Chl a

MQ -4
Chl a

e-

e-

e-

(Chl a’/a)

PhQ

Fe-S

Chl a

PhQ

Chl a
e-

e-

e-

anoxygenic photosynthesis oxygenic photosynthesis

G. violaceus

(BChl g’) 2

Fe-S

OH-Chl aF
e-

e-

e-

OH-Chl aF

MQ-n MQ-n

Heliobacteria

(A)

(B)

e-

e-

e-

HbRC

e-

e-

e-

PS I PS I

n

MQ-n PhQ

Cyt
b6c

H+

H+

Fd

MQ 
pool

Cyt c e-e-

e-

e-

A
bs

or
ba

nc
e 

(a
.u

.)

Retention time / min
0 20 40 60 80

BC
hl

g

C
ar

81 -O
H

-C
hl

 a
F

BC
hl

g’

A
bs

or
ba

nc
e (

a.
u.

)

MQ-9

MQ-8

700500300
λ / nm

MQ-8
MQ-9

×50
×50

Fig. 5  Typical HPLC elution profile of acetone/methanol extract 
of the purified RC core complexes of Hb. modesticaldum.  The 
extracted pigments were eluted isocratically with a degassed 
solvent mixture of E*W(100/0) at a flow rate of 0.40 mL min-1 
cooled to 277 K and monitored with a photodiode array detector. 
Detection wavelength was 248 nm.  Absorption spectra of MQs-
8 and 9 in an HPLC eluent measured by the photodiode array 
detector are inset into the chromatogram.  Schematic model for 
the purified RC showing the ratio of MQ/RC = 0.8 is also inset 
into the chromatogram.

Table. 1  Stoichiometries of MQs/RC and MQ-9/MQ-8 in the cells and the RC of Hb. modesticaldum

MQ-8/RC MQ-9/RC MQ/RC MQ-9/MQ-8

cells 4.4 ± 1.1 (n = 8) 15.4 ± 1.1 (n = 8) 19.9 ± 3.2 (n = 8) 3.6 ± 0.5 (n = 8)

RC 0.14 ± 0.02 (n = 5) 0.66 ± 0.05 (n = 6) 0.80 ± 0.06 (n = 5) 3.8 ± 0.6 (n = 5)

MQ-8/RC and MQ-9/RC: calculated from MQ-8/(B)Chls and MQ-9/(B)Chls on the basis of (B)Chls/RC = 60 [16]. 
n: numbers of analyses.
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unassigned electron density [33].
It should be noted that some electron paramagnetic 

resonance experiments have been interpreted as evidence 
for the involvement of a semiquinone species during 
forward ET within the HbRC [25-28].  Additionally, a 
new type of ESP signal in the RC core complex of Hb. 
modesticaldum has been recently reported and ascribed to 
the P798+A1

- state, whereas MQ in the HbRC is somewhat 
different from PhQ functioning as A1 in the PS I RC, in 
terms of the molecular orientation and/or distance [26-28].

What is more, the molar ratio of MQ-9/8 = 3.8 found in 
the purified HbRC is almost the same as that found in the 
cells, namely, 3.6 (Table 1), strongly indicating that MQs 
are loosely bound to and dissociate from HbRC rather 

easily [22, 34, 35], which most probably brings MQ to 
the thermal equilibrium between the HbRC and the MQ-
pool in membranes (Fig. 6A). This hypothesis strongly 
supports the idea that MQ also serves as an alternate cyclic 
electron transfer component via MQ-pool in membranes 
[33], similar to the mobile quinones for the type-II RCs. It 
is worth mentioning that the HbRC preferentially reduce 
soluble electron acceptors (e.g. ferredoxins, Fd) in low 
light, but switches to reducing lipophilic quinones in high 
light, when the soluble acceptor pool becomes full [33, 
36]. As a result, the HbRC may represent a functional 
evolutionary intermediate between the type I and II RC 
[33]. 

Similarly, the electron acceptor A1 in PS I has been 

Fig. 6  (A) Proposed model for electron transfer scheme via two 
pathways in heliobacteria (adapted from Kashey et al. 2018). 
One is from FX to cellular ferredoxin (Fd), and the other is from 
HbRC to Cytb6 via internal MQ and MQ-pool.  (B) Schematic 
illustration of succession of cofactors in the PS I-type RCs 
based on the molecular structures of key chlorophylls (BChl g, 
g’→Chl a, a’) and quinones (MQ→PhQ) (adapted from Ohashi 
et al.2010).

Fx

(BChl g’)2

OH-Chl aF OH-Chl aF

MQnMQn

e-

e-

e-

MQn

MQn

HbRC

Cyanobacteria

(Chl a’/a)

MQ -4
Fe-S

Chl a

MQ -4
Chl a

e-

e-

e-

(Chl a’/a)

PhQ

Fe-S

Chl a

PhQ

Chl a
e-

e-

e-

anoxygenic photosynthesis oxygenic photosynthesis

G. violaceus

(BChl g’) 2

Fe-S

OH-Chl aF
e-

e-

e-

OH-Chl aF

MQ-n MQ-n

Heliobacteria

(A)

(B)

e-

e-

e-

HbRC

e-

e-

e-

PS I PS I

n

MQ-n PhQ

Cyt
b6c

H+

H+

Fd

MQ 
pool

Cyt c e-e-

e-

e-

A
bs

or
ba

nc
e 

(a
.u

.)

Retention time / min
0 20 40 60 80

BC
hl

g

C
ar

81 -O
H

-C
hl

 a
F

BC
hl

g’

A
bs

or
ba

nc
e (

a.
u.

)

MQ-9

MQ-8

700500300
λ / nm

MQ-8
MQ-9

×50
×50

Fig. 5  Typical HPLC elution profile of acetone/methanol extract 
of the purified RC core complexes of Hb. modesticaldum.  The 
extracted pigments were eluted isocratically with a degassed 
solvent mixture of E*W(100/0) at a flow rate of 0.40 mL min-1 
cooled to 277 K and monitored with a photodiode array detector. 
Detection wavelength was 248 nm.  Absorption spectra of MQs-
8 and 9 in an HPLC eluent measured by the photodiode array 
detector are inset into the chromatogram.  Schematic model for 
the purified RC showing the ratio of MQ/RC = 0.8 is also inset 
into the chromatogram.

Table. 1  Stoichiometries of MQs/RC and MQ-9/MQ-8 in the cells and the RC of Hb. modesticaldum

MQ-8/RC MQ-9/RC MQ/RC MQ-9/MQ-8

cells 4.4 ± 1.1 (n = 8) 15.4 ± 1.1 (n = 8) 19.9 ± 3.2 (n = 8) 3.6 ± 0.5 (n = 8)

RC 0.14 ± 0.02 (n = 5) 0.66 ± 0.05 (n = 6) 0.80 ± 0.06 (n = 5) 3.8 ± 0.6 (n = 5)

MQ-8/RC and MQ-9/RC: calculated from MQ-8/(B)Chls and MQ-9/(B)Chls on the basis of (B)Chls/RC = 60 [16]. 
n: numbers of analyses.
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identified as PhQ (Fig. 6B) in the mid-1980s [17, 18], 
and its function between A0 and FX has been extensively 
documented [19, 20].  The HbRC has been assumed to be 
one of the oldest type-I RC remaining the feature of the 
ancestral RC [37-39]. Consequently, the study on MQs in 
the HbRC will supply a clue to understand the evolution of 
the type-I RCs, since quinone functions differ significantly 
between the type-I and II RCs [5, 20, 40, 41].

In 1972, Gloeobacter violaceus was first isolated from 
the surface of a limestone rock collected in the Kernwald 
in Switzerland [42], Gloeobacter violaceus is a unicellular 
cyanobacterium of unusual structure: it lacks thylakoid 
membranes in the cytoplasm and the photosystems are 
located on the cytoplasmic membrane. Gloeobacter 
violaceus is assigned to an early-branched species in the 
phylogenetic tree of cyanobacteria based on the 16S rRNA 
sequence [43] and thus to a connecting site between the 
anoxygenic photosynthesis and oxygenic photosynthesis 
(Fig. 6B).

A heterodimer of Chl a and a’ functions as P700 in 
the heterodimeric PS I RC of G. violaceus and typical 
cyanobacteria (Fig. 6B), and Phe a functions as the 
primary electron acceptor in the PS II RC [5, 32, 44], so 
no chemical evolution of chlorophylls occurred during 
the biological evolution from G. violaceus to typical 
cyanobacteria.

Notwithstanding, when the attention is turned to 
quinones, A1 of PS I in G. violaceus is not PhQ but MQ-4 
(Fig. 6B) [32], indicating that the molecular evolution of 
A1 quinones in the type-I RCs did not happen during the 
evolution from anoxygenic heliobacteria into an early-
diverging oxygenic cyanobacterium, e.g. G. violaceus, 
and that the molecular evolution of quinone (reduction of 
long chain of MQ-4 to yield PhQ) most likely took place 
after the birth of typical cyanobacteria (Fig. 6B).  To the 
authors’ knowledge, at least three species, a primitive 
cyanobacterium G. violaceus, a primitive unicellular 
red alga Cyanidium caldarium [45] and a marine centric 
diatom Chaetoceros gracilis [46] utilize MQ instead of 
PhQ as A1, strongly indicating that the biological evolution 
of oxygenic photosynthesis from primitive cyanobacteria, 
e.g. G. violaceus, to typical cyanobacteria followed by 
algae is complex with regards to A1. As the second electron 
acceptor, A1, G. Violaceus and typical cyanobacteria utilize 
singular quinone, MQ-4 and PhQ, respectively (Fig. 6B), 
while heliobacteria use plural MQs, MQs-6, 7, 8 and 9 
(Fig. 1). We cannot explain why several MQs are used in 
heliobacteria, and the studies of biosynthesis of MQs in 
heliobacteria are awaited.   

As illustrated in Fig. 6B, Chl a-derivatives function 
as A0 in the HbRC,  in the PS I RC of G. Violaceus and 
typical cyanobacteria.  When the cofactors in the RCs of 
heliobacteria and PS I RC of the primitive cyanobacterium 
G. violaceus are compared, a significant difference is seen 
in the primary electron donors: (BChl g’)2 in heliobacteria 
and Chl a/a’ in PS I. The conversion of BChl g’ to Chl a’ 
can be done by the isomerization of BChl g’ under weak 

acidic conditions [4].  Subsequent conversion of (Chl a’)2 
→ Chl a/a’, a homodimeric special pair to a heterodimeric 
special pair, can be simply made by epimerization of one 
molecule of Chl a’ yielding Chl a, which is plausibly 
concurrent with the evolution from the homodimeric RC 
to the heterodimeric RC.  Accordingly, heliobacteria are 
the most likely candidate for the ancestor of the type-I 
RCs (Fig. 6B).

It may be of interest to mention the striking structural 
similarity among the cores of the type-I and II RCs, 
leading to the idea that both types of RCs share a common 
evolutionary origin [33, 47, 48], and the original RC was 
almost surely homodimeric like HbRC [33].  As suggested 
above, there might be two possible cyclic electron 
transport pathways in heliobacteria (Fig. 6A), where a 
larger cycle using Fd resembles the cycle in PS I and a 
smaller cycle bears a striking resemblance to the cycle in 
purple bacteria.  The smaller cycle may be the ancestral 
one and the larger cycle would represent a new pathway 
allowed by the ability of the type-I RCs to reduce Fd 
via FeX in the HbRC, which has opened up a new cycle 
involving NADH dehydrogenase and additional proton 
pumping with a concomitant increase in ATP production 
[33].

To clarify whether MQs are present and function as A1 
in the HbRC, further crystal structure studies of HbRC are 
eagerly awaited.
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INTRODUCTION
Functional oligonucleotides show several functions 

in living cells.1-4 For example, nucleic acids medicine 
binds with the target mRNA in the cells to suppress 
gene expression. DNA or RNA aptamers bind with 
small molecules or proteins to regulate their functions. 
However, these oligonucleotides have several drawbacks. 
First, their anionic properties inhibit the penetration of cell 
membrane, although they have to function inside the cells. 
Second, they are easily degraded by nuclease in the cells, 
and therefore, they are unstable in the living systems. 
To solve these problems, several transfection reagents 
such as cationic lipid and functional polymers have been 
developed to protect and deliver them into the target cells.

We have developed amphiphilic oligonucleotides and 
characterized their chemical and biological properties.5-7 
We revealed that the amphiphilic oligonucleotides bearing 
hydrophobic fluorescent molecules formed aggregate in 
aqueous solution and the aggregate smoothly penetrated the 
cell membrane and accumulated in the cells. Furthermore, 
the aggregate consisting of double-stranded RNA 
effectively regulated gene expression. Thus, aggregate 
consisting of amphiphilic oligonucleotides showed 
favorable properties as biofunctional molecules with high 
biological stability and cell permeability. These research 
contexts prompted us to evaluate the relationships between 
structures of modified oligonucleotides and their cellular 
uptake. Herein, we prepared other oligonucleotides that 
had hydrophobic alkyl chain at strand end and evaluated 
their cellular uptake. 

MATERIALS AND METHODS
Synthesis of ODN 1 (General procedure for the 

synthesis of oligonucleotides). N,N-diisopropylethylamine 
(0.129 g, 1.00 mmol) and 2-cyanoethyldiisopropyl-
chlorophosphoramidite (94.6 mg, 0.400 mmol) were 
added to 1-eicosanol (59.7 mg, 0.200 mmol) in CH2Cl2 
(2 mL) and stirred for 2 h at room temperature. After the 
reaction, the reaction mixture was filtered and placed on 
DNA synthesizer. After automated DNA synthesis, crude 

ODN 1 was purified by reversed phase HPLC. The purity 
and concentration of the oligomers were determined by 
complete digestion with AP, P1 and phosphodiesteraseⅠ at 
37 ℃ for 16 h. Identities of synthesized oligomers were 
confirmed by MALDI-TOF mass spectrometry (ODN 1: 
[M-H]- calcd 1818.52, found 1819.02.

Measurement of fluorescence spectra. To form the 
aggregate, indicated concentrations of oligonucleotides 
in phosphate sodium buffer (5 mM, pH 7.0) were added 
to nile red (5 μM) in acetonitrile. After the removal of 
solvent in vacuo, the resulting mixture was dissolved in 
water to form the aggregate and measure the fluorescence 
spectra. We measured the spectra by means of excitation 
wavelength at 552 nm for nile red.

Cellular imaging by confocal laser scanning 
microscopy. For confocal laser scanning microscopy, 
1 × 104 A549 cells were seeded in 96 well plates, then 
incubated at 37 ℃ for 24 h. The medium from each well 
was then removed, and cells were fed with medium (100 
μL) containing oligonucleotides. After 24h of incubation, 
the cells were washed three times with phosphate-buffered 
saline (PBS), and then imaged using excitation at 488 nm. 
Confocal fluorescence microscopy was performed on a 
Nikon C2 laser scanning confocal system.

RESULTS AND DISCUSSION
Initially, to verify the aggregate formation of 

amphiphilic ODNs, we prepared two ODNs (ODN 
1 and 2 in Figure 1A) bearing alkyl chain at the strand 
end by automated DNA synthesis and characterized 
their aggregation in aqueous solution. We identified 
aggregate formation by measuring the fluorescence of 
nile red dye. Nile red showed negligible emission in 
aqueous suspension, while encapsulation of nile red into 
aggregates consisting of amphiphilic molecules resulted in 
a robust fluorescence, even in aqueous solution. Thus, we 
evaluated the aggregate formation of ODNs by monitoring 
fluorescence of nile red. As shown in Figure 1B, negligible 
emission of nile red was observed around 640 nm in the 
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absence of ODN 1, while the addition of ODN 1 led to a 
significant enhancement of the emission, indicating that 
ODN 1 formed aggregates that encapsulated nile red in 
their hydrophobic core. The CAC value, which indicates 
the concentration of amphiphilies above which aggregate 
formation occurred, was determined to be 89 μM for ODN 
1. We also observed similar aggregate formation of ODN 
2, the CAC value of which was estimated as 45 μM.

We then performed cellular experiments of ODN 1 and 
ODN 2 using a human cell line of lung adenocarcinoma, 
A549, to evaluate their cellular uptake without transfection 
reagents. We employed fluorophore (FAM)-labeled ODNs 
(ODN 1F and ODN 2F) and blended it with normal 
ODNs for tracking their behavior in cells. A549 cells 
were incubated with mixture of ODN 1 and ODN 1F at 
the concentration that was sufficient to form aggregates 
(200 μM ODN 1 + 5 μM ODN 1F) and the fluorescence 
emission of FAM from the cells was imaged using confocal 
microscopy. As shown in Figure 1C, high emission levels 
were observed from the cells, indicating that ODN 1 
aggregates penetrated cell membranes smoothly at this 
concentration. On the other hand, the cells incubated in 
the presence of ODN 2 showed weak emission. Thus, the 
aggregate penetrated cell membrane and accumulated in 
the cells, but strand length seemed to affect the cellular 
uptake, importantly.

In order to improve the cellular uptake of ODN 2, we 
next changed the chemical structure of ODN 2. Because 
we speculated that the high hydrophilicity of ODN 2 due 
to the long strand length prevented the internalization of 
ODN 2, we next replaced a phosphate group by a methyl 
phosphate to increase the hydrophobicity of the strand. 
We prepared ODN 3 with a methyl phosphate unit and 
alkyl chain at strand end and characterized its behavior. 
Fluorescence measurement experiments using nile red 
molecules in the presence of ODN 3 revealed that they 
formed aggregates in aqueous solution with a CAC 
value of 10 μM. The observation of the cellular uptake 

of ODN 3 aggregate by confocal microscopy showed that 
its aggregates smoothly penetrated the cell membrane 
and showed bright emission in A549 cells. These results 
strongly indicate that the balance of hydrophobic unit and 
hydrophilic unit was responsible for the cellular uptake of 
the aggregate.

CONCLUSION
In conclusion, we designed amphiphilic ODNs and 

characterized their behaviors in living cells. We prepared 
ODNs bearing alkyl chain at strand end, which formed 
aggregate in aqueous solution. The aggregate of ODNs 
penetrated cell membrane without any additives. In 
particular, modified ODNs with methyl phosphate group 
showed efficient cellular uptake. Thus, the aggregate 
formation of ODNs are promising candidate to deliver 
ODNs into living cells. 
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absence of ODN 1, while the addition of ODN 1 led to a 
significant enhancement of the emission, indicating that 
ODN 1 formed aggregates that encapsulated nile red in 
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formation occurred, was determined to be 89 μM for ODN 
1. We also observed similar aggregate formation of ODN 
2, the CAC value of which was estimated as 45 μM.
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reagents. We employed fluorophore (FAM)-labeled ODNs 
(ODN 1F and ODN 2F) and blended it with normal 
ODNs for tracking their behavior in cells. A549 cells 
were incubated with mixture of ODN 1 and ODN 1F at 
the concentration that was sufficient to form aggregates 
(200 μM ODN 1 + 5 μM ODN 1F) and the fluorescence 
emission of FAM from the cells was imaged using confocal 
microscopy. As shown in Figure 1C, high emission levels 
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to the long strand length prevented the internalization of 
ODN 2, we next replaced a phosphate group by a methyl 
phosphate to increase the hydrophobicity of the strand. 
We prepared ODN 3 with a methyl phosphate unit and 
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Fluorescence measurement experiments using nile red 
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value of 10 μM. The observation of the cellular uptake 

of ODN 3 aggregate by confocal microscopy showed that 
its aggregates smoothly penetrated the cell membrane 
and showed bright emission in A549 cells. These results 
strongly indicate that the balance of hydrophobic unit and 
hydrophilic unit was responsible for the cellular uptake of 
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CONCLUSION
In conclusion, we designed amphiphilic ODNs and 

characterized their behaviors in living cells. We prepared 
ODNs bearing alkyl chain at strand end, which formed 
aggregate in aqueous solution. The aggregate of ODNs 
penetrated cell membrane without any additives. In 
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showed efficient cellular uptake. Thus, the aggregate 
formation of ODNs are promising candidate to deliver 
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INTRODUCTION
Various natural compounds, such as plant extracts, 

demonstrate photosensitizing activity [1]. Control of the 
phototoxic activity of naturally occurring compounds 
through interaction with biomolecules [2] or safety 
substances [3] may be applied for photomedicine. 
Photodynamic therapy (PDT), a less-invasive cancer 
therapy [4,5] and photo-sterilization [6] using a non-
thermal visible light, is one of the most important 
examples of photomedicine. Berberine (5,6-dihydro-
9,10-dimethoxybenzo[g]-1,3-benzodioxolo[5,6-a] 
quinolizinium, Fig. 1), an alkaloid isolated from 
Goldenseal (Hydrastis canadensis L.), is itself a safety 
compound in dark condition [7]. Antibacterial, anti-
inflammatory, and antidiarrheal effects are important 
characteristics of berberine [8,9]. The photoexcited state 
(singlet excited (S1) state) of berberine is effectively 
quenched through intramolecular electron transfer [10]. 
This quenching effect suppresses the phototoxic activity of 
berberine in aqueous media [11]. However, an electrostatic 
interaction with DNA [2,10] or inclusion complexation 
with cyclodextrin [3,12,13] enhances the fluorescence 
quantum yield [2,3,10,12,13] and singlet oxygen (1O2)-

generating [2,3,10] activity of berberine. The improved 
photosensitization of berberine with safety materials may 
have application for photomedicine. This study examines 
the activity control of berberine photosensitizer through 
an interaction with water-soluble polymers (Fig. 1).

EXPERIMENTAL
Agarose XP, berberine chloride, and sodium alginate 

were purchased from FUJIFILM Wako Pure Chemical 
Co., Ltd. (Tokyo Japan). Polyvinylpyrrolidone K 30 
(PVP) was from Tokyo Chemical Industry Co., Ltd. 
(Tokyo Japan). Sodium polystyrene sulfonate (PSS) was 
from Sigma-Aldrich Co. LLC. (St. Louis, MO, U.S.A.). 
These chemical agents were used as received. Berberine 
was mixed with a polymer in a 10 mM sodium phosphate 
buffer (pH 7.6) to measure absorption and fluorescence 
spectra. Fluorescence lifetime (τf) was measured with a 
Fluorescence Lifetime System TemPro (HORIBA, Kyoto, 
Japan) and the fluorescence quantum yield (Φf) was 
measured with an absolute photoluminescence quantum 
yield measurement system (C9920-02, Hamamatsu 
Photonics K.K., Hamamatsu, Japan). The excitation 
wavelength for the fluorescence measurements was 394 
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nm. Nanosecond transient absorption measurements were 
carried out using a homemade system. A third harmonic 
of a nanosecond Nd: YAG laser (355 nm, 10 Hz, FWHM 
= 5 ns, Minilite II, Continuum, CA, USA) was employed 
for the flash photoirradiation. A 500 W xenon arc lamp 
(Xenon short arc lamp ballast, USHIO Inc., Tokyo, Japan) 
was used as the monitor light source. A monochromator 
(G-250, Nikon, Tokyo, Japan) was used to select the 
wavelength of the transmitted monitor light. The output 
of the light was detected using a photomultiplier tube 
(R-928, Hamamatsu Photonics K.K.), its power supply 
(HTV-C665, Hamamatsu Photonics K.K.), and an 
oscilloscope (TDS-520D, 500 MHz, Tektronix, OR, 
USA). The 1O2 generation was measured by near-infrared 
luminescence at around 1,270 nm from 1O2. The excitation 
wavelength for 1O2 detection was 355 nm. The quantum 
yield of 1O2 generation (ФΔ) was determined by the 
comparison of near-infrared emission intensity with a 
reference photosensitizer, methylene blue (ФΔ: 0.52) [14].

RESULTS AND DISCUSSION
The fluorescence intensity of berberine in an aqueous 

solution was very weak (Φf: less than 10-3 in a 10 mM sodium 
phosphate buffer (pH 7.6)), due to intramolecular electron 
transfer, as previously reported [2,10]. Agarose and PVP, 
water-soluble neutral polymers, could not increase the 
fluorescence intensity of berberine, suggesting that there 
is no interaction between berberine and neutral polymers. 
Sodium alginate, an anionic polymer, slightly increased 
the relative fluorescence quantum yield of berberine 
(+3%). DNA strongly increased the fluorescence intensity 
of berberine through electrostatic interaction and groove 
binding [2,10]. However, the fluorescence enhancement 

effect of alginate was very weak. These results suggest 
that the structure of alginate is not appropriate for effective 
electrostatic interaction with berberine. PSS, which is also 
an anionic polymer, effectively enhanced the fluorescence 
intensity of berberine (Fig. 2A). PSS has been used for 
treating hyperkalemia [15]. The observed Φf of berberine 
with 100 μM (monomer unit) in a 10 mM sodium 
phosphate buffer (pH 7.6) was 0.03, whereas that without 
PSS was less than 10-3. The τf value of berberine was also 
significantly increased through interaction with PSS (Fig. 
2B). The monomer unit of PSS is relatively small, and the 
structure of PSS is relatively flexible. The structural effect 
of PSS may be appropriate for interaction with berberine. 
The absorption spectrum of berberine (peak wavelength: 
421 nm) was redshifted through the interaction with PSS 
(peak wavelength: 430 nm; in the presence of 100 μM 
PSS), similarly to the effect of DNA [10, 16]. The relatively 
large redshift (9 nm) of the absorption peak of berberine, 
which is comparable with that of adenine/thymine-rich 
DNA, suggests that this interaction is through electrostatic 
force [10]. Another possible interaction, for example, 
hydrophobic interaction, cannot explain this large redshift 
[16]. Relevantly, it has been reported that the sulfonate 
groups of calixarene can interact with N-methylpyridine, a 
cationic compound, through electrostatic force [17]. These 
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Fig. 1 Structures of berberine and water-soluble polymers, 
polystyrene sulfonate (PSS), alginate, agarose, and 
polyvinylpyrrolidone (PVP).

Fig. 2 Fluorescence spectra of berberine with or without PSS 
(A) and their time profiles (B). The sample solution contained 50 
μM berberine and the indicated concentration of PSS in a 10 mM 
sodium phosphate buffer (pH 7.6). The excitation wavelength for 
these measurements was 394 nm. The analyzed τf values (relative 
amplitudes) were as follows: 0.11 ns (75%), 1.32 ns (8%), and 
5.47 ns (17%) without PSS; and 1.22 ns (7%), 6.68 ns (59%), and 
13.0 ns (34%) with 100 μM PSS.
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nm. Nanosecond transient absorption measurements were 
carried out using a homemade system. A third harmonic 
of a nanosecond Nd: YAG laser (355 nm, 10 Hz, FWHM 
= 5 ns, Minilite II, Continuum, CA, USA) was employed 
for the flash photoirradiation. A 500 W xenon arc lamp 
(Xenon short arc lamp ballast, USHIO Inc., Tokyo, Japan) 
was used as the monitor light source. A monochromator 
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wavelength of the transmitted monitor light. The output 
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USA). The 1O2 generation was measured by near-infrared 
luminescence at around 1,270 nm from 1O2. The excitation 
wavelength for 1O2 detection was 355 nm. The quantum 
yield of 1O2 generation (ФΔ) was determined by the 
comparison of near-infrared emission intensity with a 
reference photosensitizer, methylene blue (ФΔ: 0.52) [14].
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transfer, as previously reported [2,10]. Agarose and PVP, 
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is no interaction between berberine and neutral polymers. 
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the relative fluorescence quantum yield of berberine 
(+3%). DNA strongly increased the fluorescence intensity 
of berberine through electrostatic interaction and groove 
binding [2,10]. However, the fluorescence enhancement 

effect of alginate was very weak. These results suggest 
that the structure of alginate is not appropriate for effective 
electrostatic interaction with berberine. PSS, which is also 
an anionic polymer, effectively enhanced the fluorescence 
intensity of berberine (Fig. 2A). PSS has been used for 
treating hyperkalemia [15]. The observed Φf of berberine 
with 100 μM (monomer unit) in a 10 mM sodium 
phosphate buffer (pH 7.6) was 0.03, whereas that without 
PSS was less than 10-3. The τf value of berberine was also 
significantly increased through interaction with PSS (Fig. 
2B). The monomer unit of PSS is relatively small, and the 
structure of PSS is relatively flexible. The structural effect 
of PSS may be appropriate for interaction with berberine. 
The absorption spectrum of berberine (peak wavelength: 
421 nm) was redshifted through the interaction with PSS 
(peak wavelength: 430 nm; in the presence of 100 μM 
PSS), similarly to the effect of DNA [10, 16]. The relatively 
large redshift (9 nm) of the absorption peak of berberine, 
which is comparable with that of adenine/thymine-rich 
DNA, suggests that this interaction is through electrostatic 
force [10]. Another possible interaction, for example, 
hydrophobic interaction, cannot explain this large redshift 
[16]. Relevantly, it has been reported that the sulfonate 
groups of calixarene can interact with N-methylpyridine, a 
cationic compound, through electrostatic force [17]. These 

Berberine

Alginate

PVP

PSS

Agarose

1

10

100

1000

10000

0 20 40 60 80 100 120

ytisnetni
ecnecseroulF

Time / ns

1

0

50

100

150

200

250

400 500 600 700

ytisnetni
ecnecseroulF

Wavelength / nm

[PSS]
100 μM
50 μM
20 μM
10 μM

without

[PSS]
100 μM
50 μM
20 μM
10 μM

without

104

103

102

10

(A)

(B)

Fig. 1 Structures of berberine and water-soluble polymers, 
polystyrene sulfonate (PSS), alginate, agarose, and 
polyvinylpyrrolidone (PVP).

Fig. 2 Fluorescence spectra of berberine with or without PSS 
(A) and their time profiles (B). The sample solution contained 50 
μM berberine and the indicated concentration of PSS in a 10 mM 
sodium phosphate buffer (pH 7.6). The excitation wavelength for 
these measurements was 394 nm. The analyzed τf values (relative 
amplitudes) were as follows: 0.11 ns (75%), 1.32 ns (8%), and 
5.47 ns (17%) without PSS; and 1.22 ns (7%), 6.68 ns (59%), and 
13.0 ns (34%) with 100 μM PSS.
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results can be explained by the fact that an electrostatic 
interaction with PSS suppressed the intramolecular 
electron transfer-mediated quenching, as in the case of 
berberine and DNA [10]. The equilibrium of binding 
interaction between berberine and PSS (1 : n complex 
formation) can be expressed as follows:

Berberine + nPSS(mono) ⇄ Berberine-PSS(mono)n

 (1), 

where PSS(mono) is the monomer unit of PSS and 
Berberine-PSS(mono)n is the binding complex. The 
binding constant (K) can be obtained by the following 
equations:

 
K = [Berberine−PSS(mono) ]

[Berberine][PSS(mono)]
 (2),

and 

Log 0−
F

= Log K + nLog[PSS(mono)]  (3),

where [Berberine-PSS(mono)n], [Berberine], and 
[PSS(mono)] are the concentrations of berberine-PSS 
complex, non-binding berberine, and PSS monomer unit, 
respectively, F0 is the fluorescence intensity of berberine 
without PSS, and F is that with PSS. The estimated value 
of n was about two, suggesting the formation of almost a 
1:2 complex of berberine and PSS monomer units. The 
molecular mechanics calculation supports the conclusion 
that two PSS units interact with one berberine molecule 
(Fig. 3). The K value (3.1×107 M-1) suggests the formation 
of a relatively stable complex. The thermodynamic 
parameters of this complexation at a standard state (298 
K, 1 atm), which were calculated from the temperature 
dependence of K values by the van’t Hoff equation, were 
as follows: enthalpy change (ΔHo: -250 kJ mol-1), entropy 
change (ΔSo: -0.77 kJ mol-1 K-1), and Gibbs energy (ΔGo: 
-18 kJ mol-1). The negative ΔHo indicates that the binding 
interaction is enthalpy driven. The relatively large enthalpy 
change also supports the electrostatic interaction. The 
negative ΔSo suggests that berberine is regularly arranging 
along the PSS chain.

The observed absorbance of the transient absorption 
spectrum around 500~600 nm of 50 μM berberine with 
100 μM PSS, assigned to the triplet excited (T1) state of 

berberine [3], was about twice as large as that without 
PSS. It is considered that the fluorescence enhancement of 
berberine through interaction with PSS affects the transient 
absorption at around this wavelength region. Fluorescence 
emission apparently decreases the signal of transient 
absorption. Therefore, the actual transient absorbance of 
berberine with PSS is considered to be larger than the 
observed signal. This result suggests the enhancement of 
intersystem crossing to the T1 state. Photosensitized 1O2 
generation by berberine was also enhanced by PSS (ΦΔ: 
0.5% with 100 μM PSS and 0.08% without PSS).

CONCLUSIONS
The S1 state of berberine in an aqueous solution rapidly 

relaxes to the ground state through intramolecular electron 
transfer [10]. Electrostatic interaction with PSS raises the 
energy level of the intramolecular electron transfer state, 
similarly to the case of DNA (Fig. 4). This interaction 
suppresses the self-quenching of the berberine photoexcited 
state to improve the photosensitizing activity of berberine. 
Berberine itself is used as a medicinal compound [8,9], 
and PSS is also used as an agent for treating hyperkalemia 
[15]. The combination of berberine and PSS may have 
applications for photomedicinal purposes, such as PDT 
and photo-sterilization.
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