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Abstract

As the earth is getting warmer, how the creatures live in a high temperature
surrounding becomes an interesting yet need-to-be-solve issue. In the research, the
relationship between temperature and photosynthesis light reaction will be well
discussed while Thermosynechoccus sp.CL-1 , one kind of thermophilic cyanobacteria,
and another mesophilic one, Synechocystis sp. PCC6803. Our result reveals that

apparently , the state transition in TCL-1 increases at high temperature (40°C to
60°C),which means phycobilisomes will be uncoupled when cells are dark-adapted.

With this mechanism, state transition can reduce the damage to the photosystem Il from
high electron transport rate at high temperature. Therefore, our research supports that

state transition is a unique protective mechanism of TCL-1 at the high temperature.
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Fig.1 TEMs of cells. Thermosynechococcus sp. CL-1 grew at 30°C (a) and at 45°C (b).
Synechocystis sp. PCC6803 grew at 30°C (c) and at 45°C (d).
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Fig.2 The photosynthetic oxygen evolution activity at five different temperatures. Cells are

Thermosynechococcus sp. CL—l(_._ Jand  Synechocystis sp. PCC6803(_._ ).
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Fig.3 The electron transport rate at five different temperatures. Cells are Thermosynechococcus sp.

C'—'l(_._ Jand  Synechocystis sp. PCCG803(_._)_
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Fig.4 Comparison of the effects of five different temperatures on Y(Il) from dark-adapted

samples ,Thermosynechococcus sp. CL-1 (—O— ) and Synechocystis sp. PCC6803

(_E_) ,and Far-red-light-adapted samples, Thermosynechococcus sp. CL-1 (_._)

and Synechocystis sp. PCC6803 ( ), using fluorescence Induction.
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Fig.5 The 77K fluorescence emission spectra for cells of Thermosynechococcus sp. CL-1 and

Synechocystis sp. PCC6803 adapted to State 1 or to State 2. TCL-1 were adapted to State 1

(—) by incubation in Far-red-light or to State 2 (
PCC6803 were adapted to State 1 (

)by incubation in the dark ,and

) by incubation in Far-red-light or to State 2
(— )by incubation in the dark , both of which are freezing in liquid nitrogen. Fluorescence

were recorded with excitation at 435nm and normalized to photosystem | peak.
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Fig.6 Time course of Far-red-light induces changes in Thermosynechococcus sp. CL-1. 30°C with

no phosphate (_._ ). 30°C with phosphate ( ). 50°C with no phosphate

(— M), 50°C with phosphate ("™~ ).We uses 0.5M Na,HPO, as phosphate.
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Fig.7 Transients of PSII fluorescence in Thermosynechococcus sp. CL-1 in the presence and
absence of actinic light.(a) is adapted by Far-red-light and Dark without phosphate.(b) is
adapted by Far-red-light and Dark with phosphate(0.5 M Na,HPO,).
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BG-11 Medium for cyanobacteria

STOCK SOLUTIONS : \
Trace Metal Mix (1 Liter) :

H3BO3 2.869

MnC1 - 4H,0 1.81g
ZnSQO4 - 7H,0 0.222¢g
Na,MoQ, - 2H,0 0.399
CuS0O, - 5H,0 0.079g
Co(NOs); - 6H,0 0.0494g

Bring to 1 Liter with ddH,0.
100X BG-11 Stock (1 Liter) :

NaNO; 149.58¢
MgSO, - 7H0 7.499
CaCl, - 2H,0 3.69
Citric acid 0.69
diNaEDTA ( Mg salt) 0.1g

100 mLs Trace Metals mix
Bring to 1 Liter with ddH,O. Autoclave
175 mM K;HPO, @ 3.05g/100 mLs—autoclave and store at 4°C
189 mM Na,CO3 @ 2g/100mLs—Filter sterilize and store at 4°C
Ferric Ammonium Citrate : 0.6g/100mLs-autoclave and store at 4°C
IM TES, pH8.0 : 23g/100mL—Autoclve and store at 4C.
2M Glucose : Dissolve in ddH,0, filter sterilize , store as 1mL aliquots at -20°C.
10 mM DCMU : Dissolve in Absolute EtOH, store at -20°C.
20mg/mL Kanamycin (Km) :
Dissolve 1g Kanamycin monosulfate in 50 mLs ddHO, Filter Sterilize, Store as
5 mL liquots at -20°C.
20 mg/mL Specionmycin (Sm) :
Dissoorlve 1 g Spectionmycin dihydrochlride in 50 mLs ddH,O, Filter
Sterilize,Store as mL aliquots at -20°C.
10 mg/mL Chloramhenicol (Cm) :
Dissolve 500 mg Chloramphenicol in 50 mLs absolute EtOH, store as 10 mL
aliquots at -20°C.
20 mg/mL Streptomycin (St) :
Dissolve 1 g Streptomycin sulfate in 50 mLs ddH-O, Filter Sterilize, Store as 5
mL aliquots at -20°C.
0.4 mg/mL Erythromycin (Em) :
23



Dissolve 20 mg Erthromycin in 50 mLs ddH,O, Filter Sterilize, Store as 5 mL
aliquots at -20°C
IBG-11 Liquid medium (1 Liter) : |
1 Liter dd H,O
1 mL 175 mM K,;HPO,
1 mL 189 mM Na,COj3
1 mL 6 mg/mL Ferric Ammonium Citrate
10 mLs 100x BG-11
5mLs IM TES, pH 8.0
Autoclave and store at Room Temperature.
Optional supplements [ per 100 mLs of BG-11 with TES (add just
before use)] :
For5 mM glucose : add 250 uL 2 M glucose
For Sug/mL Km :  add 25 pL 20 mg/mL Kanamycin
monosulfate
For 2.5 pg/mL Cm : add 25 pL 10 mg/mL Chloramphenicol
For 20 pg/mL Sm : add 100 pL 20 mg/mL Spectionmycin
dihydrochloride
For 0.1 pg/mL Em : add 25 pL 0.4 mg/mL Erythromycin
For 10 pg/mL St : add 50 uL. 20 mg/mL Streptomycin sulfate
For 10 yM DCMU : add 100 pL 10 mM DCMU
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SOLUBILITY OF SELECTED GASES IN WATER
The values in this table are taken almost exclusively from the International
Union of Pure and Applied Chemistry “Solubility Data Series.” Unless noted,
they comprise evaluated day fitted to a smoothing equation. The data at each
temperature are then derived from the smoothing equation which expresses the
mole fraction solubility X; of the gas in solution as:

In X;=A+B/T*+C1ln T*
Where

T*=T/100 K

All values refer to a partial pressure of the gas of 101.325 kPa (one atmosphere)

T/IK Solubility(Xy) Equation constants

288.15 2.756 x 10 A=-66.7354

293.15 2.501 x 107 B=87.4755

298.15 2.293x10° C=24.4526

303.15 2.122x10° Std.dev.=+0.36%

308.15 1.982 x10° Temp.range=273.15~348.15
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Abstract

With so much attention being placed on global warming, how thermophilic hot
spring cyanobacteria photosynthesize at higher temperature becomes an interesting and
pertinent issue. In this study, the photosynthetic characteristics of the thermophilic
cyanobacterium, Thermosynechoccus sp.CL-1, and the mesophilic cyanobacterium,
Synechocystis sp.PCC6803, were compared. Chlorophyll a fluorescence induction
analysis and 77K fluorescence emission spectra revealed that phycobilisomes, the light
harvesting antenna of photosystem Il in cyanobacteria, were highly mobile and could
readily couple and uncouple with photosystem Il. This so-called state transition
frequently occurs in Thermosynechoccus sp.CL-1, but not in Synechocystis sp.PCC6803.
Moreover, increasing temperature induced greater effects on state transition in
Thermosynechoccus sp.CL-1. To study the physiological impact on state transition of
Thermosynechoccus sp.CL-1 at higher temperatures, state transition was suspended
using a high concentration of betaine. When state transition was impaired by betaine,
photoinhibition occurred in Thermosynechoccus sp.CL-1, suggesting that state transition
protects the photosynthetic apparatus at higher temperatures by reducing the energy
delivered from the phycobilisomes to photosystem Il. Taken together, these results
suggest that state transition in thermophilic cyanobacteria plays an important role in
protecting thermophilic cyanobacteria from photoinhibition at higher temperatures.
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1. Introduction

1.1 Literature Review of State Transition

In cyanobacteria, “state transition” is a rapid response to light. Different states are
induced by mobile phycobilisomes (PBSs), which are the light-harvesting antenna of

cyanobacteria [10].

During state transition, photosynthetic light reactions regulate and distribute
excitation energy between two photosystems. The state transition mechanism involves
the movements of PBSs between photosystem 1l (PSII) and photosystem | (PSI). It is
known that different light conditions can induce different states [12]. For example,
Far-Red light (FR) induced state 1 (Fig. 1A) when PBSs moved to PSII and Orange light
induced state 2 when PBSs move to PSI (Fig. 1B). However, the exact molecular
mechanisms of state transition in cyanobacteria are still unclear [4].

A. State 1
hv ~ — hv
State 1
/PBS \ Far-red light, 700nm
A
thylakoid psil | PsI PS
membrane
B. State 2 ) )
") \\* / A"
State 2
Orange light, 620nm PBS
thylakoid psil | Psi PS|
membrane

Fig. 1 State transition models in cyanobacteria: (A) When state 1 was induced by
Far-Red light, PBSs are coupled with PSII; (B) When state 2 was induced by
Orange light, PBSs are uncoupled with PSII.



1.2 Motivation and Goal

To understand how photosynthetic light reactions operate in thermophilic

cyanobacteria at higher temperature.

2. Materials and Methods

2.1 Cyanobacteria Strain and Culture Condition

Thermophilic cyanobacterium, Thermosynechoccus sp.CL-1, was isolated from
Chin-Lun (CL) hot spring (pH 9.3, 62°C) in eastern Taiwan [7]. Synechocystis
sp.PCC6803 was used as the model system of mesophilic cyanobacterium. Both TCL-1
and PCC6803 were cultivated in BG-11 medium at 45°C and 30°C respectively. Cells

were grown under 25-30 uE m™?s™ until OD73 reached 0.7-1.2.

Fig. 2 Transmission electron micrographs of cyanobacteria: PCC6803 grew at 30°C
(A) and at 45°C (B).TCL-1 grew at 30°C (C) and at 45°C (D).



2.2 77K Fluorescence Emission Spectra

Fluorescence emission spectra were recorded with a fluorescence spectrometer
(Jasco model FP-6500). All the measurements were carried out at 77K, using cell
suspensions at a chlorophyll concentration of 20 ug/mL. The excitation light wavelength
used for exciting chlorophyll was 435 nm (excitation band width 5 nm, emission band
width 1 nm) [3].

2.3 Phycobilisomes Isolation

All steps were carried out at room temperature. 500mL cultures were harvested
and washed twice in 0.8 M potassium phosphate buffer, pH 7.0 (KP). The cells were
re-suspended in 10 ml KP, and then passed twice through a French pressure cell at 20000
psi. Triton X-100 was added to the broken cells to a final concentration of 2% (v/v).
After incubation for 30 min, in the dark, with occasional shaking, unbroken cells and
debris were removed by centrifugation at 17000 x g for 20 min at 20°C. To reduce
chlorophyll contamination, the supernatant was carefully removed from beneath the
floating chlorophyll layer, leaving approx. 1-2 ml of supernatant on top of the
greenish-grey pellet. 1 ml of supernatant was layer on top of the following sucrose
step-gradients prepared in 12 ml ultracentrifuge tubes: | ml of 2.0 M, 3 ml of 1.0 M, 2.5
ml of 0.75 M, 2.5 ml of 0.5 M, and 1 ml of 0.25 M sucrose solutions in 0.8 M KP. The
gradients were spun 20 h in a Beckman SWA41 rotor at 35000 rpm at 20°C.The
blue-colored bands were isolated from the gradients and stored at 4°C as sucrose
solutions. These samples were examined by SDS polyacrylamide gel electrophoresis and

by spectroscopy within 48 hours of isolation. [6, 8]

2.4 PAGE Analysis

PBSs proteins were analyzed by SDS-PAGE on 4-12% Bis-Tris gels (NUuPAGE,
Novex) in MOPS-SDS buffer. OD at 620 nm was used to ensure approximately equal
loading of different PBSs samples (100 puL from a sample at ODg0=3). PBS-containing
samples were concentrated by precipitation with 10% (w/v) trichloroacetic acid. Proteins

were visualized by using Coomassie Brilliant Blue stain.[2]



2.5 Chlorophyll Fluorescence Analysis.

When the solar-emitted photons excite the chlorophyll in the photosynthetic
organisms, the excited chlorophyll can lose its energy through one of three competing
process (Fig. 3). Under normal conditions, >95% energy can be either used to drive
photosynthetic light reactions, be dissipated as heat, or be remitted as fluorescence [5].
Since the total rate remains stable, any increase in the efficiency of one process will
result in a decrease in the yield of the other two. Therefore, measuring the yield of
chlorophyll fluorescence will give information about changes in photosynthetic
efficiency.

Light

0,* « Chl » photochemistry
o, %’ heat
fluocrescence
Chl*

‘\ Chl*

Fig. 3 Possible outcomes of excited chlorophyll. (J. Leipner, 2007)

Fig. 4A shows a typical measurement of chlorophyll fluorescence of

cyanobacterial culture.

Before measurement, cells are dark-adapted to the temperatures for five minutes.
Ground state values of fluorescence (Fo, dark fluorescence yield) are determined by the
measuring light (about 1 pE m? s™). While the 800-ms saturating pulse (8000 tE m?s™)
is applied, fluorescence is raised to Fmgark (Maximum fluorescence yield). At this
moment, PSII is fully reduced and unable to drive photosynthesis, so the variable
fluorescence over the maximum fluorescence generally represents the maximum
quantum PSII yield (Fv/Fmgark) (Fig. 4A).

Actinic light (about 100 uE m™ s™) is then turned on to measure thedF/Fy’ ,
which represents the effective PSII quantum yield in the illumination sample. Different
levels of maximum fluorescence yield during illumination (Fy") are compared to the

first peak (Fmgark). Due to the actinic light, different reactions of PSII can be observed.



Under normal conditions, Fy’ will be close to Fygark (Fig. 4A). However, under actinic
light illumination, Fy’ may decrease under actinic light illumination due to the
occurrence of non-photochemical quenching (NPQ). There are generally two reasons for
the presence of NPQ in cyanobacteria [11] : One is through the state transition
mechanism. When this occurs, Fy’ return to Fygark Once the actinic light is turned off
(Fig. 4B). The other is photoinhibition. This occurs when Fy’ cannot return to Fuygark

once the actinic light is turned off (Fig. 4C).

A.
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Saturating Pulse
8000pmol/m?:s)
| actinic gt o0 o) [T
Time -
B. State transition C. photoinhibition
’
FM
g g
g E Fn'
2 2|
Time- Actinic light (100 umol/m?:s) “ Tlrne- Actinic light (100 umol/m?s)

Fig. 4 Schematic diagram of chlorophyll fluorescence analysis of cyanobacterial
cultures: (A) under normal conditions, (B) under state transition, and (C)
under photoinhibition. F\/Fugark represents the maximum PSII quantum yield.
AF/Fy\’ represents the effective quantum yield of PSII.



3. Results

3.1 FRenhanced PSII Activity in TCL-1

Based on the dark-adapted data, maximum PSII quantum vyield (Fv /Fmgark) Of
PCC6803 declined as temperature increased (Fig. 5A), but Fy /Fygark 0f TCL-1 remained
steady with the temperature (Fig. 5B). Far-red light (FR) was used to induce state 1.
Under FR conditions, PBSs coupled with PSIl. With FR (5 wE m? s?) treatment,
PCC6803 showed a slight increase in Fy/Fugark (Fig. 5A). Surprisingly, TCL-1 showed
vigorous state transition (up to five times greater than for PCC6803) as temperature

increased (Fig. 5B).
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Another useful technique to study state transition is 77K fluorescence
measurement. Fig. 6 shows the fluorescence emission spectra of PCC6803 (A) and
TCL-1 (B). The emission bands at 680-700 nm arose from PSII, those at 700-740 nm
arose from PSI. PSI maximum emission at 723nm for PCC6803 and at 729nm for
TCL-1 were used to normalize fluorescence spectra.

A. PSI
3,
—— PCC6803 FR-adapted
g PCC6803 Dark-adapted
‘0
Q0
£ 2
oL
g >
o=
5 <
=
T
620 640 660 680 700 720 740
Wavelength (nm)
B. PSI
PSII l
3,
— TCL-1 FR-adapted
g TCL-1 Dark-adapted
8~ 25%
g =
RS
8 >
(G
5 <
=
L
0 I\I"ﬁ \/\
620 6

Wavelength (nm)

Fig. 6 77K fluorescence emission spectra of PCC6803 (A) and TCL-1 (B): PCC6803
was dark-adapted or FR-adapted at 30°C, and TCL-1 was dark-adapted or
FR-adapted at 50°C. After the light treatment, samples were frozen into liquid
nitrogen (77K) then excited at 435nm. Maximum PSI emission is used to
normalize (723nm at PCC6803; 729nm at TCL-1)



The PSII emission peak under FR was about 5% higher than that in dark-adapted
PCC6803 PSII samples. In contrast, the PSII emission peak under FR was about 25%
higher than that in TCL-1 PSII samples (Fig. 6). The increase in PSII emission bands
after FR-adaptation can be attributed to state transition [13]. Therefore, 77K
fluorescence results under experimental conditions also demonstrated a high occurrence

of state transition in TCL-1, but only a slight one in PCC6803.

Because the FR-induced changes were measured within five minutes, the
possibility of this phenomenon could not be caused by long-term biosynthesis. It must be
due to a short-term “state transition” induced by PBSs movements [4]. That is to say,
PBSs in TCL-1 were not coupled with PSII in the dark (state 2) and became coupled
with PSII under FR illumination (state 1) (Fig. 7).

State 2
PBS
e e psi | Psi PSI
membrane
Statel
/ PBS \
AN
ST Psil | Psi PSI
membrane

Fig. 7 Schematic diagram of FR-induced state transition



3.2 State Transition is Responsible for FR-Enhanced PSII Activity

In order to understand the physiological function of state transition in TCL-1, a
high concentration (0.8M) of betaine (CsH1:NO;) was used to suspend “state transition”
[13].

Fig. 8 shows time required for FR-induced changes in TCL-1 at 30°C and 50°C,
with and without of betaine. FR-induced the increase in maximum PSII quantum yield
(Fv ! Fumdark) of TCL-1 at 30°C and 50°C, and the rate is faster at 50°C than at 30°C. This
increase in Fy / Fumgark Originated from the state transition, indicated by the faster
movement of PBSs at 50°C.

In addition, the increasing Fv / Fugark Suspended by betaine also showed that the

FR-induced change in TCL-1 was due to “state transition”.
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Fig. 8 Time required for of FR-induces changes of Fy / Fygark in TCL-1 at 30°C and
50°C, with or without betaine.



3.3 Different Sizes of Linker Core Membrane

In order to understand what trigger the vigorous state transition in TCL-1. Fig. 9A
shows the sucrose density gradient of PCC6803 and TCL-1. The blue-colored PBSs’
band in TCL-1 was presence in the lower fraction of the sucrose gradient than in
PCC6803. It indicated that the molecular weight of PBSs in TCL-1 is larger than that in
PCC6803.

Then, we isolated the blue-colored band of PBSs-contained protein to do the
SDS-PAGE analysis. Fig 9B shows the major difference between PCC6803 and TCL-1
is the molecular size of Linker Core Membrane (LCM). LCM is the linker protein that
connects PBSs to PSII, so the different size of LCM may play a specific role in

modifying distinct state transition in TCL-1.

&
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-_é-! 'L' 102 — > LCM
i
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24 - ———

PBS =

PC&
APC

Fig. 9 (A) Isolation of PBSs from sucrose gradient and (B) SDS-PAGE analysis of
PBS subunits from PCC6803 and TCL-1.
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3.4 State Transition as a Thermal Protection

To test whether or not state transition is a thermal protective mechanism in TCL-1,
we performed an analysis of chlorophyll fluorescence induction and recovery with or
without betiane (Fig. 10). Fig. 10A showed the effect of state transition in TCL-1 at
50°C in the “absence” of betaine. The maximum fluorescence yield (Fy’) of
dark-adapted TCL-1 (state 2) increased slightly under actinic light illumination, and
returned to the Fugark ONCe the actinic light was turned off. The Fyugark Of FR-adapted
TCL-1 (state 1) reached a higher level than that of the dark-adapted sample (state 2). Fy’
of FR-adapted TCL-1 decreased significantly under actinic light illumination, and
returned to the Fugark ONCe the actinic light was turned off. The change of Fy’ during

actinic light illumination is due to state transition.

Fig. 10B shows the effect of photoinhibition in TCL-1 at 50°C in the “presence”
of betaine. Betaine was used to trap FR-adapted samples at state 1 or dark-adapted
samples at state 2. The Fy’ of dark-adapted TCL-1 (state 2) remained steady as Fugark
under and after actinic light illumination. However, the Fygark Of FR-adapted TCL-1
(state 1) decreased under and after actinic light illumination. Results showed that
photoinhibition occurred in the FR-adapted sample (state 1) when state transition was

impaired.

In contrast, a weak state transition was observed in PCC6803 without betaine (Fig.
10C) and a weak photoinhibition effect was observed with betaine (Fig. 10D). Taken
together, state transition may play an important role in protecting TCL-1 from

photoinhibition at hot-spring temperatures (40-60°C).
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4. Discussion

In this study, we discovered that a distinct state transition phenomenon occurs in
TCL-1 under light at higher temperatures (40-60°C).

Moreover, due to the different sizes of LCM and distinct state transition in TCL-1,

it is proposed that LCM might play a specific role.

To understand the physiological significance of state transition in TCL-1, two
possibilities are proposed. The first one involves the reduction of the light energy
transfer to PSII. Because photosynthesis is a photochemical reaction, the reaction rate is
accelerated as the temperature increases. At higher temperature, more electrons are
produced in photosynthetic light reactions, and so are the by product, reactive oxygen
species (ROS). ROS has a high oxidation power, which is able to oxidize proteins,
membrane lipids, and pigments in the photosynthetic apparatus. Therefore, reduction of
the light energy transfer to PSIlI can protect the photosynthetic apparatus from
photoinhibition. Also, under this condition the excitation energy in PBSs transfers to PSI.
PSI reduces the electrons accumulated between PSII and PSI. Therefore, fewer ROS will
be produced. Taken together, state transition plays an important role in protecting

photosynthetic light reaction at hot-spring temperatures (40-60°C).

A similar phenomenon was observed for the thermophilic cyanobacterium
Thermosynechococcus sp. AO-1 (data not shown). The state transition mechanism must

thus be a general protective mechanism for thermophilic cyanobacteria.

All previous studies on state transition of cyanobacteria used mesophilic
cyanobacteria, such as PCC6803. Present studies, thermophilic cyanobacteria, TCL-1,
show a distinct state transition phenomenon in thermophilic cyanobacteria, TCL-1
compared to mesophilic cyanobacteria. Therefore, thermophilic cyanobacteria, such as

TCL-1, appear to be an ideal system to study the mechanism of “state transition”.

14



5. Conclusions

5.1 Thermophilic cyanobacterial phycobilisomes move dynamically
between state 1 and state 2 during photosynthesis (Fig. 11A) when
compared to those of mesophilic ones (Fig. 11B).

State 1 State 1 State 2
Fig. 112 Photosynthetic light reaction models of mesophilic cyanobacteria (A)
and thermophilic cyanobacteria (B).

5.2 “State transition” mechanism of thermophilic cyanobacteria plays an
important role in protecting photosynthetic light reaction from
photoinhibition at hot-spring temperatures (40-60°C).
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