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PREFACE 
Differently to the usual thesis book, ending with the 

acknowledgments, I want to start this book by bringing here in the first 
pages all my gratitude to Professor Emeritus Rienk van Grondelle since 
without him this thesis will never have come to existence. After choosing 
me to join his team as a technician, he has granted me the autonomy to 
work on my own projects. He has given me the trust and the possibility 
to do research by setting my own experiments in the lab next to my work 
as a technician. I was also able to be part of international conferences 
where I got to know the photosynthesis community and learn so much. 
More than all, Rienk agreed and encouraged me to do this thesis.

My research work has been also greatly supported by Jan Dekker. 
He gave me the chance to join projects that I enjoyed so much to be 
part of. He also offered me the opportunity to join two European Marie 
Curie Research Training Networks, Intro 2 (Interdisciplinary Network 
for Training and Research on Photosystem II) and Harvest that he was 
able to get funding for. He also gave me the responsibility to be part of the 
organization of one of the international workshop including companies, 
“Photosynthesis: from Science to Industry”. I am glad I could help him 
with teaching “Sustainable energy” classes for the Science Business and 
Innovation program. I’m very thankful that he gave me the freedom to 
supervise my work essentially by myself. It gave me the prospect to learn 
how to manage a research project and develop my own ideas.

Roberta Croce has also played a role in the final compilation of 
this book, especially in the last years. Since her arrival in 2013 as our 
group leader, she has given me some of my working time to do the final 
experiments for my thesis. In 2016, I was pleased that she gave me the 
possibility to have a research project on microalgae for a year.

The research presented in this thesis primarily originates from 
a fruitful collaboration with the UvA, Hans Matthijs and Nataliya 
Yeremenko. It resulted in articles published in peered review journals 
having good citation records and more importantly it initiated my Ph.D. 
work with as result three chapters of this thesis. I want to express all my 
grateful thoughts to Hans Matthijs that sadly left us far too early. 

Natasha, you are and will remain forever my best friend. We see 
each other far too little but you are always in my heart. I will never 
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forget our great time doing research together, our discussions, creative 
activities outside the lab and the great time I had in Russia thanks to your 
great man and his awesome family. I’m so glad to stand soon with the 
continuation of our work next to you in front of the reading committee.

I am still amazed by the memory of my first microscopic 
observation of the IsiA ring thanks to Egbert Boekema and his wonderful 
electron microscope at the University of Groningen. Where I saw snow 
on a screen, he was able to see “donuts”, IsiA rings. His collaboration 
with us has always been fruitful.

Janne Ihalainen, Elena Andrizhiyevskaya, Marta Germano, 
Roman Kouřil, Chantal van der Weij - de Wit and Edith van de Vijver 
have given a great contribution to my research on IsiA since 2002, I want 
to thank especially Stefania Lampoura that graduated when I joined the 
group. She sent to us her student Kostas Tsoukatos, a really nice person 
to work with, who helped to work on one mutant investigated in this 
thesis. She visited our lab for a summer break to help me to rebuild the 
LD set up after a move. I m happy I could meet you and your daughter 
in Thessaloniki. Rudi Berera, graduated with a cum laude, has also made 
great work on IsiA. I hope to meet again Rudi one day to discover his 
Japanese family now on the other side of the globe. Wahado has also 
put some effort into my IsiA samples as a master of stark experiments. 
Thanks to him I have a publication from that collaboration. I was pleased 
to host him and to meet his family from Bangladesh that I hope I will 
manage to see there one day.

My special thanks go also to my Polish fellow researchers Sebastian 
Szewczyk, Krzysztof Gibasiewicz that I was able to help in Amsterdam 
with a publication as a result. I am also happy I met Agata Jozwiak, a 
great student and human person, thanks to them. Agata, I will visit you 
for sure in Poland in the coming spring.

It was with great pleasure that, thanks to an EMBO fellowship and 
to Bruno Robert, I have been able to do research in France in 2009. I 
had a fantastic time there with Maxime Alexandre and his unforgettable 
family and friends. It is hard to name all the great people I met there. My 
special thanks go to Diana Kirilovsky and Adjélé Wilson and Clémence 
Boulay, who got her Ph.D. that year. My collaboration at the CEA of 
Saclay was very successful as it resulted in two publications. I also met 
the amazing technician Luc Bordes, who always surprised and made me 
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witness how passion can bring you very far.
My thanks go also to all my other collaborators, especially Mike 

Jones and Josef Komenda from whom I learned a lot through my first 
scientific writing experiences.

I’m also very thankful to Raoul Frese that introduced me to the 
world of purple bacteria in 2010. I was glad he asked me to join his 
projects and learn about linear Dichroism. Even if we did not reach that 
Nature paper I heard about, we managed to publish a nice article together 
that I presented at the 16th International Congress on Photosynthesis 
Research in St Louis, USA. Later on, I really enjoy supporting the 
research of Vincent Friebe, who is now working with a VINI on a 
great project of biosensing, and David Delgado, my warm Colombian 
friend that I hope to see again in Europe to defend his thesis soon. I am 
thankful to Raoul for being part of the Hybrid Forms Lab where I’m so 
glad to be considered as a researcher and to share my knowledge with 
collaborators.

I am also especially grateful to Jos Thieme, who introduced me to 
the laser set-ups and guided me into the tuning of the highly complex 
state-of-the-art equipment. I was very impressed by his dedication into 
all the technical aspects, his high skills and knowledge, his incredible 
ability to fine-tune everything to perfection and his amazing friendliness. 
He has been an important figure to me and many members of the group. 
Most of the trust in the measurements is thanks to his great support. 
Bart Sasbrink as a successor is one of the very nice persons with who I 
shared my office with great pleasure for his warm attitude.

Without my colleague Henny van Roon, assisting me in my 
technician tasks, I will have spent even more time to end my thesis. She 
always took great care of the basic needs of the lab, especially with the 
common samples for colleagues, the safety and order of goods, which 
can take quite some time. I’m sure that the people of Biophysics are 
missing you even if our new crewmember Judith Schäfers is doing a 
great job. Experience through the years is not easy to replace.

Joris Snellenburg was an important colleague for the analysis 
of my time-resolved measurements. He made, thanks to the interface 
Glotoran, my work much easier and he helped to confirm my results. 
Ivo van Stokkum, Alonso Acuna Sanchez, Avratanu Biswas, Jorn 
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Weissenborn and Vladimir Novoderezhkin are the key players of the 
target, global and overall spectral analysis.

I am grateful to John Kennis that has been taking care of the 
reading committee. With Anjali Pandit, there are figures that have been 
around since I started at VU.

Prof. Alfred Holzwarth was always bringing heated discussion 
in the scientific meetings and I enjoy a lot having a chat about your 
innovation ideas, life and everything.

After being in the Biophysics group for so long there are so many 
people I met along the way that it is hard to thank everyone. I tried to get 
portraits of all the Ph.D. and researchers but I probably could not catch 
everyone with my camera. I might have forgotten some faces and names. 
Some left a noticeable memory and some others I had the chance to see 
again after years they had left, such as our Greek connections and their 
sweet family, Manolis Papagiannakis, Sofia Georgakopoulou and Daniel 
Lührs. The incredible people from the old good times, such as Mikas 
Vengris, who I got to hear about again, thanks to a student coming from 
his actual university, Bas Gobets, a great figure, Lavanya Premvardhan, 
who went further with science in France. With Frank de Weerd we went 
hiking in Belgium many times. Jante Salverda, Olaf Larsen, Danielis 
Rutkauskas, Dmitry Frolov (c’est la vie!), Magdalena Gauden, Delmar 
Larsen, Luuk van Wilderen, Natalia Pawlowicz, Mariangela Di Donato, 
Miguel Palacio, Alisa Rupenyan, Herbert van Amerongen, Silvia Völker 
and Gert van der Zwan, Frank van Mourik, Marloes Groot, Tjaart 
Krüger, Michal Gwizdala, Lijin Tian, Emilie Wientjes, Fei Ma, Miroslav 
Kloz, Volha Chukhutsina, Drew Ringsmuth, Clotilde Le Quiniou, Laura 
Roy, Milena Opačić, Bartlomiej Drop, Pavel Malý, Rikard Fristedt, 
Marco Negretti, Marco Ferretti, Ludwik Bielczynski, Yusaku Hontani, 
Pengqi Xu, Luca Bersanini. 

I had the pleasure to host Christian Ilioaia during his stay in the 
Biophysics group. We played poker and he was the jury of our cooking 
challenges with Giuliano. We had a great time as he was the nicest host 
people can dream of. I’m glad I visited Romania for a fabulous wedding 
of a friend. I have been so impressed by the friendliness of the Mother 
that always welcomed us with food or drink. Andy (Andreas) Stahl was 
also part of the “family”.
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Cosimo Bonetti, my first and still strongest Italian connection 
next to Alessandro Marin, I am glad I could host for a little time in my 
little “VU” hotel and that I got introduced thanks to you to a great and 
wonderful architect Giuliano Pappadopoli who shared some years with 
me at my side and always put beauty in the world through his eyes.

From the European Marie Curie Research Training Network, 
“Intro2” (Interdisciplinary Network for Training & Research On PSII), 
I met Sami Kereïche and Milena Mozzo, who are still very good friends. 
With you, I had a fabulous time and the best laugh. I hope I can visit 
them soon again to meet their little family in Marseille and Prague.

Kinga Sznee, you are the one that linked all these people. Indeed 
you kind of met them all through your long and tortuous scientific path 
in the group. We had a lot fun together. You introduced me to climbing 
and we were a good group of friends. I am still sorry I could not be 
at your defense and neither at your wedding in US. I hope our path 
will cross and I wish you all the best from the bottom of my heart. You 
deserve it.

Our other Polish colleague Lucyna Włodarczyk got recently her 
Ph.D. and I got proposed the same date to defend. We had a great time 
with wigs parties and music from her now-husband Michael Gruber. So 
many couples have formed in the group. Love is always in the air thanks 
to the parties and long dark experiments. 

All my gratitude goes to Niki, Nicoletta Liguori, who organizes 
so many times events and takes care of the social connections with 
her cheerful enthusiasm. I hope that your great project thanks to your 
VINI will bring you far in the research world but always near your love 
Alberto Natali.

Thanks to Vincenzo Mascoli for making our last Nerd Nite event 
a success with his great talk to vulgarize photosynthesis to the broad 
public. I thank also Martin Tros for willing to participate. 

Thanks to my other actual colleagues Chen Hu, Xin Liu and his 
fabulous wedding day, Tom van den Berg, Bart van Oort, Wojciech 
Nawrockia, Lauren Nicol to join me in my special thesis day.

It is thanks to Ning that I am now a Nerd Nite “boss”. She was the 
most supportive person for me at VU, when I doubted about myself. 
We had a lot of nice time in Amsterdam together and I hope we keep in 
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touch and I will see you when you are in town. I wish you the best and I 
hope you will manage to end your thesis book.

Toh Kee Chua, an amazing man, a super kind colleague and now 
a very good friend, I’m so happy that this year I got your visit after all 
this time that you left Amsterdam to be back in Asian. I read you on 
Facebook a lot as you are always full of wisdom. You made this incredible 
trip from Italy to Amsterdam by bike and I’m sure you could make a 
very nice book from the wonderful pictures and the text you wrote as 
you are very inspiring and full of beautiful insights. Thanks to you and 
your secondhand smartphone, I am finally ultra-connected and with a 
fantastic big upgrade.

My friend Emine Dinc, our algae specialist, has brought the 
biophysics group to Turkey for her wedding. I’m so glad that she is now 
with a wonderful family and successful career.

I shared my passion with microalgae and spirulina with Iryna 
De Jong Polukhina and I m very grateful that she contributed to the 
creation of a business idea in that field. My best wishes to you and your 
family and to get your thesis work finished someday.

If I have to name one of my scientific (ex-)colleagues, Eli, you are 
my very dear and best friend. I am so glad I had you around to make my 
scientific life so much more joyful. With you, I have my best memories 
of our social life outside the lab. I always admire your energy and 
dedication to science. I am so proud and happy with your achievements.

Régine Anmuth has also been an important figure through the 
years as my dear French connection. We became friends after our 
discussions that helped me to be away from science and to relax with 
a real social lunch break. With the quality time of these breaks, you 
and Eli brought to me an opportunity to really meet people and more 
importantly to give a human side to the work. Régine is also always 
available for precious help in many ways. Her multiple talents and her 
big will are bringing her into great realizations and I’m sure will lead her 
to  her dreams.

Finally, I am also very thankful to my parents that gave all their 
trust and always let me free to go… ending far away. My father told me 
once: “it is when you study that you make most of your money”. With 
this in mind, I managed to reach the university level but decided to not 



15

follow the path to a Ph.D. degree. Indeed I wanted to enter into what we 
call in French the “active life”, the working life. This choice put me into 
a lower position on the job market at the start but the process of further 
achievements is on its way hopefully with this thesis. Remembering that 
teacher of economy who said that it is hard for new generations to get 
to a higher social class, I am proud and happy of the realization of this 
book, to have studied so far and to be doing research. I have been able 
to reach higher education and job standard than my parents have. My 
success is mainly due to the fact that my parents were not behind, not 
pushing but always believed in me, which is essential. 

Today I realize that success in life is much more than what we 
reach with the work. Even if this book is part of what I value as a big 
achievement, my life will probably take new directions. Indeed I want 
to give to myself more time to follow my dreams and especially much 
greater importance to the ones I value the most. My social life has been 
put way too much on the side and now that I have finally my love next 
to me, there is no way that work will go first. Indeed I found more than 
gold on Earth, a true wonder of the Universe, my sweet man Manu! 
With your eyes and beautiful spirit, you opened doors that I kept too 
much half closed. You made me refocus on what are the true values of 
life. Being by your side is a real wonder. Te quiero como una flor el Sol.

Before going into the scientific part of this thesis, I would like 
also to describe shortly my atypical path through science and share my 
experiences to hopefully share some useful thoughts and valuable career 
tips for young and maybe older researchers. As Einstein said: “Don’t try 
to be someone that has success but prefer to be someone that has value”.

After High school even if my marks were just sufficient I decided to 
go to University. A friend told me I will not manage with my luckily just 
passed graduation but I believed I could give it a try. My motivation will 
do the rest and it did. Always go for the highest challenge has remained 
my motto. Don’t let anybody put you down.

During my Master in biochemistry at the University of Lille 
(Université des Sciences et Technologies de Lille, USTL), I decided to 
do an Erasmus program, EuRopean community Action Scheme for the 
Mobility of University Students, in the Netherlands. I wanted to have 
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an international experience, convinced that this is a positive move and 
indeed it has been. I strongly encourage all young people to travel and 
open their mind to different cultures and points of view. I truly witnessed 
that even difficult to manage, differences are richness, especially in the 
world that we live in with its narrowing due to globalization. My time 
in The Netherlands has given me the desire to live in an international 
environment and to travel the world. There are many benefits to get 
experience somewhere else, such as improve the English, the discovery 
of new or other methods, other ways of working, new skills and new 
contacts for future collaborations.

My first experience with a research laboratory occurred in 
Utrecht where I worked for 6 months with a French fellow, Hervé, 
under the supervision of Hans, Johannes J.M. van Rooijen, a Ph.D. 
student (Van Rooijen, Hermentin, Kamerling, & Vliegenthart, 2001; 
van Rooijen, Kamerling, & Vliegenthart, 1998a, 1998b; van Rooijen, 
Voskamp, Kamerling, & Vliegenthart, 1999). It was a great first contact 
with research, where we helped to analyze the glycan structure of a 
glycoprotein, the Tamm-Horsfall of the kidney, by high-performance 
capillary electrophoresis (Hermentin et al., 1994). I had to learn a lot 
at University. It is a gigantic accumulation of knowledge. I have been 
able to prove myself I can learn a lot. The Internet now gives easy access 
to knowledge but I’m glad of what I have learned. I later realized that I 
did not always use all but I am able to understand complicated things, 
which is what matters the most on the job market.

After graduating as a Master student in France, getting a Ph.D. 
degree appeared to me as a too-long educational process. Why going 
further to end up 8 years at the university? I wanted to step in real life, 
get a salary and be supporting myself. At that time I was very interested 
in the food sector and decided to pursue my Master specialization in 
food-industry. Next to a short summer internship in quality control at 
Mc Cain, I found an internship at Cerestar France. At that period I was 
in search of a job and my strategy was to enter through the small door if 
necessary via networking. It turned out to be a winning approach. I first 
got an internship in the team of a Centre of Expertise in Refinery to test 
ionic exchange resins. Further satisfied with my work, the company hired 
me for several small contracts where I had the opportunity to work on 
several projects. In one of them, I was performing microbiological and 
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physicochemical analysis of water for the development of a treatment 
by inverted osmosis. Thanks to these successful experiences, I was given 
the chance to get a contract in the Centre R&D in Belgium of the main 
company, Cargill, who is a leader in food industry. I learned that to get a 
job, networking is crucial and doing an internship as well.

At the Centre of Expertise starch, I helped to develop and optimize 
several products at the laboratory and pilot scale. I joined a project 
leader to solve customer’s problems and develop my function towards 
such a position. I enjoyed a lot my work in the industry where projects 
were finding a direct application that I could see tested. Being result 
and customer-oriented with a strong defined timeline and teamwork, 
the environment is very different from the university, where everyone 
works on its own with a deadline of 4 years. Today, after witnessing 
many Ph.D. students having a hard time finishing on time, I find it 
a very laborious environment, out of balance with the private life. I 
admire the hard-working, smart and motivated people in academic 
research. However soft skills are not valorized and the human side is 
not considered much. Interdisciplinary work is also lacking. Being 
part of the organization with my supervisor Jan Dekker of a workshop, 
“Photosynthesis: from Science to Industry” at Nordwijkerhout in 2012, I 
got very impressed seeing these two different worlds meet, their different 
talks and approaches. Scientists are barely interested in the financial and 
commercial side. Solely motivated by their research and their constant 
and deep questioning, which can be far away from the actual problems 
of the society.

It is a bit by accident that I ended up going back to the university 
when I decided to live in The Netherlands with my Dutch partner. I 
was looking for a job to be able to move and found an application as a 
technician in photosynthesis research, which was appealing as a new 
start. I resigned from my position, which was evolving towards project 
management, to become a technician again with my Master degree. It 
was a temporary work at first but then I got amazed by the state-of-the-
art equipment, the high level of the people and more than all challenged 
by the research. In the beginning, I felt overwhelmed by the lack of 
understanding to what people were talking about. English was not my 
Mother language and always unknown words appeared. I realized that 
in the scientific way of talking, nothing was of a simple conversation. 
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Complex thoughts and complex topics were of usual content. With time, 
I learned to not worry anymore by not being able to fully understand all 
the words and conversations. It gave me a bigger desire to be curious, 
to learn every day something and mainly to be humble in the research 
world. Unfortunately, we cannot know everything about everything.

Even if the years went far too long to end my thesis, I chose to keep 
my position that gave me a permanent contract. It feels like a luxury in 
the academic world. I’m glad that through the years as a technician, I got 
involved in many projects. I could provide samples, which is an important 
part of the experiments, technical information, tricks and guidance 
to help students through their long path in the academic world. I am 
pleased that I could combine my technician work with research since it 
gives me the opportunity to put my stone into the wall of knowledge. To 
do experiments and be at the heart of discoveries is truly exciting, even if 
it is so much work to get a publication. Within this thesis, three research 
chapters are from my own work to design and perform experiments 
from cell growth at the UvA, isolation and analysis. It felt quite different 
to be getting all the data and do all the writing than being just part of a 
project. Although I wanted to choose for this challenge to prove I could 
do research on my own, I truly do not advise young researchers to stay 
alone in front of their thesis. Collaborations are very essential and there 
is a lot to learn from it. It also brings more value to the results to join 
forces and to use different techniques.

I have been able to collaborate through the years with many people. 
I transformed, expressed in E. coli and isolated a Blue light receptor, the 
LOV domain (Light Oxygen Voltage), with Jos Arents in the Molecular 
Microbial Physiology laboratory of Professor Klaas Hellingwerf, at the 
Swammerdam Institute for Life Sciences, University of Amsterdam. 
One of my great achievements was to get an EMBO fellowship for 3 
months that I extended with two short contracts to stay for nine months 
at the CEA of Paris-Saclay with Diana Kirilovsky. This collaboration has 
led to several publications. I learned about the importance to move to 
other research groups and learn new techniques in a new environment. 
I strongly suggest to young researchers to move as much as they can to 
broaden their horizons, open new ways and get into other laboratories 
to learn and think outside of the box by crossing unexpected techniques.

In the last years, I have been too busy with my professional life 
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and I realized that activities outside work are essential to open the 
mind, relax, have a social life. As a responsible person for safety I always 
give advises to avoid health issues. I recommend to have a break, eat 
healthy and to do exercises. Avoid stress and get enough sleep is also 
crucial. Our busy life takes us away from happiness through a lack of 
all our body needs but somehow that leads to problems on our mental 
health. I try to pay attention to basic needs but I realize that having a 
life outside the lab and hobbies is important too, not just to relax but 
also to discover new talents, to learn about management or many other 
soft skills. I remember doing some clown workshop and being face to 
face with improvisation and having a hard time as a scientist with that 
kind of situation. At work, everything asks for good planning. I learned 
new skills that I won’t have encountered and it opened new perspectives. 
Indeed improvisation helps to discover our true selves. I enjoyed a lot 
and joined a group that performed activism with a theatrical approach, 
which was based on the clown army, CIRCA (Clandestine Insurgent 
Rebel Clown Army) movement.

I am very pleased I have achieved some scientific milestones with 
my thesis and to discover some secret of Nature. Unfortunately, I strongly 
realize that perspectives of career development in the academic are very 
limited. The university has a strong narrowing in higher positions. It is 
a tough world where only a few researchers manage since the success 
in grants application is only of a small percentage. However, in recent 
years, the university has taken more interest in valorization, next to 
its activity of education and research. It opens up new opportunities 
to apply great findings and new techniques for the industry. I followed 
several workshops related to entrepreneurship. It is important that 
young researchers also deal with financial planning. When organizing a 
workshop, I was lucky to successfully deal with a budget, be the contact 
person for the venue and website for registration with the compilation of 
a booklet containing the program and information of participants. I also 
with Iryna De Jong Polukhina worked on a start-up idea to first show 
the benefits of fresh spirulina. Further, with the precious help of Manuel 
Alfonso Soler Cruz, we made the first step into the development of 
small-scale production of spirulina within the Demonstrator Lab. I had 
to put aside this project but I hope I can bring it to life in the near future. 
Indeed, I believe that spirulina is a great healthy and sustainable food 
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source. I want to promote such an easy to grow and fantastic organism 
that can help in our actual environmental challenges. Hopefully, I will 
bring spirulina into our homes to enlighten our lives with its beautiful 
blue green-color.

Through the last years, I learned a lot during my collaboration 
with artists at the Hybrid Forms Lab where valorization of science and 
its societal impact are central. I had the chance to stand as the researcher 
in the following art projects collaboration: 

◊ the SyMSE (Symbiotic Machines for space exploration), a 
project that aims to create an autonomous system for enhancing 
terrestrial ecosystems and facilitating atmospheric formation on other 
planets through artificial photosynthesis with Evelina Domnitch and 
Dmitry Gelfand, winners of the Witteveen+Bos Art+Technology Award 
2019 and authors of an article in Nature Nanotechnology (Domnitch 
& Gelfand, 2019), and with Ivan Henriques, Research through Design 
Award 2017-18 granted by the Netherlands Organisation for Scientific 
Research (NWO), 

◊ the novel living photosynthetic fabrics project of Iza Awad 
winning the UvA FNWI grassroots science4all diversity and the NWO 
Ideas generator grants and going further into implementation thanks to 
a collaboration with Samira Boon (textile architecture studio based in 
Amsterdam and Tokyo), 

◊ the S+T+ARTS Vertigo residency (Science, Technology & the 
Arts, an initiative of the European Commission, launched under the 
Horizon 2020 research and innovation program) of Annemarie Maes

◊ the amazing work of Michael Sedbon winner of the Bio Art 
Design Award 2019 from ZonMW-NWO. 

I have hopefully helped artists to get further inspired by and 
familiarized with the scientific world and especially the wonder of 
photosynthesis. I got myself very enthusiast by their creative ideas and 
their human dimension where emotions and senses play an important 
role that is missing in the objectivity, rationality and deep thinking of 
science. The different view of the artist with his subjectivity brings to 
science a sensitive dimension. It makes a very important link to the 
society. It shows what is going on within research in a comprehensible 
way. It helps us to imagine tomorrow with different perspectives but 
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it also puts forward important questioning, philosophical and ethical 
interrogations. I hope I can help to bring further these activities, open 
the minds of the scientific community to push forward these important 
roles they have within the university. The cultural legacy is what we 
leave behind and what makes us humans.

Since 2011, I have been divided into two groups. I have joined for 
2 days per week the Group of Gijs Wuite and Erwin Peterman, Physics 
of Living Systems. My stay in France was therefore very useful to be able 
to do expression of proteins, labeling of DNA for Optical Tweezers and 
preparations for Atomic Force Microscopy. My thesis work was left on 
the side many times and I wondered often if it will ever end after all these 
years, especially since 2016, when it became my time-off hobby. Even if 
I followed workshops and know tips on how to be efficient, win time 
and give priorities to only important tasks, my thesis work, as for many 
P.hD. candidates, took far too many years. I believe the major factor is to 
start with a good project that will reply to an interesting question. Some 
research leads unfortunately to a lot of difficulties to get results if skills 
have to be learned on the way, which is often the case in biophysics when 
you know too little of biology or physics and if the equipment needs to 
be built or further developed. Good supervision is crucial. Too many 
times I have chosen to manage all alone to prove myself I could but 
spending the time to discuss results with skilled colleagues or project 
leaders can help a lot. Indeed putting loud the thoughts and getting the 
main lines through the massive amount of data, getting what some call 
the helicopter view, can save time to go to the point of understanding. 
Some Ph.D. candidates might feel a bit left on their own but being the 
actor, owner of the project by putting the first steps and thoughts is a 
learning process to grow in the research world.

Now that the last lines have been written down, I hope the future 
will be brighter thanks to this little book. I am already taking further 
steps to spread the knowledge I have gained and applying all I have 
learned to hopefully get science to help the world. I’m convinced that 
education and research are the way to a better world. Now comes the 
time to put more attention into the beauty of simple things around us, to 
be humble and protect the world we live in. Let’s dim our screens, forget 
our possessions to look, listen, feel and give, share and spread positive 
waves. Let’s be the change we want to see in the world.
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1. THE POWER OF THE SUN

The Sun is not only this stunning star that wakes us up in the 
morning and enlightens our lives but above all, it is the most important 
source of energy of our planet. Excepted for few organisms commonly 
living in deep oceans and performing chemosynthesis, the Sun energy 
is essential to life on Earth through the transformation of photons into 
storable chemical organic energy by photosynthetic organisms.

Photosynthesis research gains nowadays importance since 
the food and energy needs for the human population are rising and 
becoming of a great concern for the coming years. The future potential 
food and energy crisis adds to the actual environmental issues due to 
human activities. Over the last decades, the impact of the human on the 
environment has reached irreversible consequences. The carbon dioxide 
emissions have increased by 40% in about 250 years, since the beginning 
of the industrial revolution. Demographic expansion, agricultural and 
industrial revolution have spread urbanization with megacities reaching 
high air pollution as a consequence (Chan and Yao 2008). Other 
pollution sources are resulting from fossil fuel use, like the accumulation 
of plastic as toxic no-biodegradable waste. Next to pollution, the use of 
available resources and the large space occupancy, forcing deforestation 
and reduction of natural habitat, the human activities, as astonishing 
as it can be, result in strong effects on the weather with global warming 
due to greenhouse gases. As a consequence, some animal species have 
disappeared and many are endangered. The impact of modern human 
activities on the environment and the overuse of resources are also 
tormenting in that it also puts our own life at threat. As we cannot 
colonize another planet as Earth in the near future, a strong reduction 
of our consumption is urgent and dramatically needed. Research should 
also direct its investigations and knowledge to find solutions to sustain 
life and protect our planet.
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Figure 1: World energy consumption in the last 190 years indicating 
in purple nuclear, blue hydro-electric, red natural gas, brown oil, black 
coal, and green biofuels (adapted from Source, Based on Vaclav Smil 
2010 estimates from “Energy Transitions: History, Requirements and 
Prospects” together with BP Statistical Data for 1965 and subsequent 
years).

1.1. Sustainable energies
The world population has reached about 7.5 billion with the highest 

growth rate over the last 50 years. In that period, as a consequence, the 
energy consumption, which reflects the population rate, has increased 
massively (Figure 1). The growing amount of energy consumers is 
additionally enhanced by a large energy consumption rise on average 
per person. In the future, the need for consumables, electricity and fuels 
is predicted to increase, as will do the human population. However, even 
if there is uncertainty in the evaluation of the fossil fuel reserves due to 
the development of technologies and unknown related costs involved 
for its extraction, some approximations indicate that, with the actual 
consumption, there will be an energy shortage of oil and gas resources 
within 50 years.

To face environmental issues and the rise of energy costs, the 
necessity to be more “green” has reached the mind of most of us and 
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the development of sustainable and renewable energies starts to spread. 
With an increase in investments worldwide and special efforts made in 
some countries willing to be independent in their energy production, 
the contribution of some renewable energy is noticeably growing in the 
last years.

Hydropower has been used since ancient times and from the 19th 

century it has a large contribution to produce electricity. However, it 
requires the construction of a dam that often involves negative impacts 
on the social and natural environment. Marine energy is a large potential 
energy source that can be used in different forms but barely exploited. 
Marine currents, tides, waves, thermal differences and salinity are 
also possible sources of energy. However, they involve high costs to be 
sustained. For example, the osmotic power, which relies on osmotic 
pressure through the difference in salt concentration between seawater 
and freshwater, uses a costly semi-permeable membrane and do not 
produce enough energy to offset the costs of investment, operation and 
maintenance required. Further development using, instead of pressure-
retarded osmosis, named PRO, the reverse electrodialysis or RED (Post, 
Hamelers et al. 2008), the capacitive method or capmix (Brogioli 2009), 
hydrogel expansion, also called Hex (Zhu, Yang et al. 2014) or boron 
nitride nanotubes (Siria, Poncharal et al. 2013) but also dissolved carbon 
dioxide gas from fossil-fuel power plants to generate an ion gradient 
might be promising (Paz-Garcia, Dykstra et al. 2015).

Geothermal heat in the form of hot springs has been used since 
Paleolithic times and even by animals such as the well-known Japanese 
macaque. Housing in the Roman times was designed to make use of it. 
This type of energy source is now mainly producing electricity. It is reliable 
but limited to specific places. On another scale, geothermal energy via 
the constant temperature of the ground can be used by underground 
water pipes to regulate the ambient temperature of buildings. 

Wind power is now widely used and has increased considerably 
over the last 20 years. It represents about 4% of the electricity produced 
worldwide but in Denmark, it has reached more than 40%. It offers a big 
potential with the development of offshores turbines producing higher 
power.

Another renewable great energy source comes from the Sun in 
form of heat and light. Daily the Sun delivers on Earth in one hour 
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more energy than the actual human needs in a whole year if we can 
efficiently transform it into storable energy. Differently to fossil fuels, 
the sunlight offers a source of energy available everywhere and for 
everybody. Since photosynthetic organisms exist, life on our planet has 
been sustained by the sunlight energy. If Mother Nature does it for us, we 
can learn from it and take inspiration from the knowledge acquired on 
photosynthesis (Janssen, Lambreva et al. 2014, Romero, Novoderezhkin 
et al. 2017). Improvements of solar cells efficiency, biomass use and 
biofuels production imply a large field of research and development. 
Lately, the world record of 46% for solar cell efficiency has been reached 
(Dimroth, Grave et al. 2014). In photosynthetic organisms, even if the 
primary reactions have about 100% quantum efficiency, from photon 
to chemical conversion there are many losses that result in an efficiency 
of maximally a few percents (Zhu, Long et al. 2008, Walker 2009). 
However, natural photosynthesis is an important energy source and, 
by fixing atmospheric carbon dioxide, it helps to reduce anthropogenic 
emissions. With the constraint of space to not compete with land for 
food production, new ideas for the use of photosynthesis as an energy 
source are in development and come to the spotlight. 

Electricity can be produced by the use of photosynthetic material, 
applied as a bio-film of living cells or isolated photoactive proteins, 
combined to inorganic conductive material. Still in the research 
phase, these bio-hybrid solar cells, despite their low efficiency, offer an 
alternative to artificial photovoltaic cells. Bio-hybrid solar cells with 
the simplest conductive material are cheaper and more importantly 
they are environmental friendly as the material used is not rare and the 
photosynthetic biological part is easy to obtain and consumes carbon 
dioxide (Blankenship, Tiede et al. 2011). However their durability 
compared to artificial cells is an issue that has to be tackled (Yang, 
Robinson et al. 2016). 

Even if wood is still the major source for biomass energy 
production via combustion, there is a growing interest to develop energy 
conversion methods and technologies to transform available numerous 
biomass sources including waste into various forms of biofuels such as 
ethanol, butanol, methanol, biogas and hydrogen. Next to the growing 
production of biofuel from the so-called first-generation using sugar, 
starch and vegetable oils, the second-generation of biofuels offers the 
advantage to not compete with food supplies by using lignocellulose 
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or other sources of organic compounds. Outside direct combustion, 
biomass can be converted into biofuel by thermochemical methods such 
as gasification, pyrolysis and liquefaction. Additionally, biochemical 
methods can be exploited like fermentation or digestion involving 
bacteria or microorganisms such as specific fungi that are able to digest 
cellulose. 

To produce energy new ideas take place such as the development 
of a system of green roof with bacteria interacting with plants roots, 
which is able to produce green electricity (Strik, Hamelers et al. 2008). 
Solar thermal energy, with the largest facility Ivanpah Solar in the US, 
is estimated by Greenpeace to produce 25% of our energy by 2050. 
With the development of energy-saving solutions, the production of all 
renewable energies combined is set by many countries to reach 100% in 
the future.

1.2. Agricultural challenges
Next to our growing needs for energy, which we ultimately don’t 

need to survive, the increasing food demand is another challenge to solve 
in the near future if the demographic expansion keeps on following the 
actual trend. Already today billion of people suffer from malnutrition. 
Agriculture has also a considerable impact on water reserves and energy 
sources. More significantly it causes deforestation, as does the increase, 
for example, the development of animal agriculture and the increasing 
production of palm oil. It deteriorates the environment by loss of 
natural land affecting fauna and flora and its biodiversity. It is also a 
source of pollution through modern agricultural methods notably with 
the extensive use of pesticides, synthetic fertilizers or other chemical 
growth agents. Genetic engineered crop seems to offer a solution to 
increase production but it has some negative impacts by the possible 
contamination to non-transgenic plants.

1.3. Energy from the sunlight in prokaryotes
This thesis deals with the early events of photosynthesis that 

are light-dependent (light reactions) and will focus on two model 
prokaryotic organisms, the purple bacterium Rhodobacter sphaeroides 
(Rba. sphaeroides) and the cyanobacterium Synechocystis sp. PCC 6803. 
Compared to eukaryotic photosynthetic organisms they are easily 
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genetically modified and grown, and their photosynthetic machinery is 
easier to isolate. Charge separation is best well elucidated in the reaction 
center (RC) in Rba. sphaeroides (Allen, Feher et al. 1987) that is used as an 
important model for its simplicity and homology with all photosynthetic 
organisms (Allen and Williams 1998). Cyanobacteria share similarity to 
green plants by having 2 types of reaction center, Photosystem I (PSI) 
and Photosystem II (PSII), which allowed the isolation of photosystems 
to obtain the first crystal structures (Jordan, Fromme et al. 2001, Zouni, 
Witt et al. 2001). 

More importantly, many applications from photosynthetic 
bacteria are of interest, such as the production of valuable components 
for food, pharmaceutics, biofuels or biodegradable plastics (Margesin 
and Schinner 2001, Abed, Dobretsov et al. 2009). In this regard, 
knowledge on aquatic microorganisms is still very scarce compared to 
their great diversity (Oren 2002, Bork, Bowler et al. 2015), despite the 
fact that these rich sources can offer solutions to solve our growing food, 
energy and waste management needs (Rasmussen and Morrissey 2007).

The increasing needs for food production have encouraged research 
mainly on vascular plants but nevertheless, the study of photosynthesis 
in prokaryotes should also be considered. Some cyanobacteria provide 
nitrogen fertilizer in the cultivation of plants, as they are able to fix 
atmospheric nitrogen into the soil (Mahanty, Bhattacharjee et al. 2017). 
More importantly, cyanobacteria and microalgae have some potential 
as future nutritious food resources. With purple bacteria, they are used 
to produce additives and food supplements. There are numerous health 
benefits of the cyanobacterium Arthrospira platensis and maxima, known 
as the superfood spirulina (García, de Vicente et al. 2017). Spirulina has 
been used against malnutrition with a lot of success (Simpore, Kabore 
et al. 2006, Matondo, Takaisi et al. 2016). In rich countries, microalgae 
offer an alternative and a valuable nutritional replacement to meat that 
adds to the benefits of a lower meat-based diet (Sabaté 2003, Lupatini, 
Colla et al. 2017). It could provide an answer to the health and ethical 
issues of intensive meat farming with poor animal condition and 
welfare, additionally helping to reduce our impact on the environment 
(Pimentel and Pimentel 2003, Marlow, Hayes et al. 2009, Mata, Martins 
et al. 2010, Tuomisto and de Mattos 2011).

Since the 1970’s nano-bio-devices are investigated with isolated 
reaction centers of purple bacteria due to their high energy efficiency. 
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Emerging photovoltaic technologies are also developing cells using 
immobilized biological photosystems of cyanobacteria (Mershin, 
Matsumoto et al. 2012, Yehezkeli, Tel-Vered et al. 2012, Nguyen and 
Bruce 2014) but also intact cells (Sekar, Umasankar et al. 2014, Wei, 
Lee et al. 2016). Photo-bioelectrochemical cells can also be used 
to detect pollutants (Croisetiere, Rouillon et al. 2001, Swainsbury, 
Friebe et al. 2014). The use of photosynthetic micro-organisms for 
the production of biofuels still needs development to be more energy-
efficient and competitive but its non-seasonal dependency, the growth 
by sequestration of industrial carbon emission or use in wastewater 
treatment is attractive (Barbosa, Rocha et al. 2001, Rupprecht, Hankamer 
et al. 2006, Du, Li et al. 2007). Today photosynthetic bacteria are part of 
research projects to colonize space, such as Mars. Prokaryotes might 
be present and if not, they are good candidates since they are flexible, 
robust and have a fast response to environmental changes.

2. AT THE ORIGINS OF PHOTOSYNTHESIS
The history of Earth is mainly filled by the presence of bacteria 

that were the solely forms of life for most of the time. Yet today they 
play an important role for example in the human body and also in the 
transformation of light energy into chemicals, as a large part of biomass 
production through photosynthesis. The first organisms to perform 
photosynthesis were anoxygenic bacteria, which can be divided into 4 
phyla: Purple bacteria, Green sulfur bacteria, Green non-sulfur bacteria 
(also named Green gliding bacteria or Chloroflexi) and Heliobacteria 
(Gram-positive bacteria). Purple non-sulfur bacteria are at the origin 
of mitochondria (Bui, Bradley et al. 1996, Andersson, Zomorodipour 
et al. 1998, Cavalier-Smith 2006). The first prokaryotic organisms to 
transform carbon dioxide, water and sun energy into sugar as chemical 
energy with oxygen as a byproduct were cyanobacteria. It is commonly 
recognized that they are the ancestors of the chloroplast from eukaryotic 
photosynthetic organisms, which include red algae (Rhodophyta, among 
the oldest), diatoms, green algae, mosses and vascular plants (also called 
higher plants). Prokaryotic photosynthetic organisms are at the origin 
of photosynthesis and are still successful today.
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2.1. Purple bacteria
Purple bacteria are among the oldest forms of life to perform 

photosynthesis. Their name described the color that is given by 
the carotenoid content of some species. Differently to oxygenic 
photosynthetic organisms containing green chlorophylls, purple bacteria 
synthesize bacteriochlorophylls a and b that absorb in the near-infrared 
spectrum, which is accessible in soils and in anoxic zones of waters. 
They can be found where hydrogen sulfide is available as it is used as a 
reducing agent to produce sulfur through anoxygenic photosynthesis.

Anoxygenic photosynthesis reaction:

12 H2S + 6 CO2 + photons -> 6 S2 + 6 H2O + C6H12O6 (sugars) 

Despite their versatile metabolism, purple bacteria are the simplest 
organisms to perform photosynthesis and are used as a keystone to 
study more complex photosynthetic organisms. 

Purple bacteria do not have a specific membrane to embed 
photosynthetic proteins but form invaginations of their intracytoplasmic 
membrane (ICM), also called chromatophores, that are about 50 to 70 nm 
in size (Figure 2-A). The membrane is continuous and photosynthesis 
is not physically separated from respiration as in higher plants. As a 
consequence, some proteins are shared (for example quinone and 
cytochrome). The membrane organization of purple bacteria (Figure 
2-B) has been extensively studied in the model organism Rba. sphaeroides 
and is highly packed and organized in domains (Jungas, Ranck et al. 
1999, Bahatyrova, Frese et al. 2004, Siebert, Qian et al. 2004, Sturgis, 
Tucker et al. 2009, Scheuring, Nevo et al. 2014). The formation of RC-
LH1 complex into dimers depends on the presence of the small protein 
PufX (Francia, Wang et al. 1999), which has a role in the membrane 
organization (Frese, Olsen et al. 2000, Frese, Siebert et al. 2004, Siebert, 
Qian et al. 2004).

Purple bacteria collect light energy with two types of light 
harvesting antennae, LH1 and LH2. Light excitation is funneled to the 
reaction center (RC), which associates with LH1 and with LH2 forms 
the photosynthetic unit (PSU) represented in Figure 2-C (Cogdell, 
Fyfe et al. 1996, Hu, Ritz et al. 2002, Cogdell, Gall et al. 2006). Purple 
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bacteria contain only one type of RC, which performs from the light 
energy transmembrane charge separation. The RC transfers electrons to 
the quinone pool (primary QA and secondary QB ubiquinone acceptors). 
Additionally, the reduced ubiquinone, ubiquinol or QH2, diffuses and 
gets oxidized by the membrane cytochrome bc1 complex, which reduces 
the soluble cytochrome c2 to realize the electrons transport through 
the membrane in a cyclic process, resulting in a transmembrane 
electrochemical proton gradient driving ATP synthesis. 

The RC of purple bacteria is considered to have evolutionary 
common origin with PSII, which performs water splitting (Schubert, 
Klukas et al. 1998). The RC contains 3 subunits H, L, M and shows a semi 
two-fold symmetry axis (Deisenhofer, Epp et al. 1985, Allen, Feher et al. 
1987, Deisenhofer and Michel 1989, Ermler, Fritzsch et al. 1994, Nogi, 
Fathir et al. 2000, Roszak, Howard et al. 2003). LH1 and LH2 contain two 
types of hydrophobic polypeptides, forming rings of about 12 nm and 
7 nm respectively (Karrasch, Bullough et al. 1995, McDermott, Prince 

Figure 2: A- Representation of chromatophores within a Rba. 
sphaeroides cell. B-Representation of the cell outer and inner 
membranes with the chromatophore showing the arrangement of the 
dimeric RC-LH1 complexes (RC in pink and LH1 in dark green) in 
rows and LH2 (green). C- Scheme representing proteins involved in 
photosynthesis in the membrane. The cytochrome bc1 (cyt bc1) and c2 
(cyt c2) in blue and ATP synthase in red are also depicted.
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et al. 1995, Koepke, Hu et al. 1996, McLuskey, Prince et al. 2001, Papiz, 
Prince et al. 2003, Cogdell, Gall et al. 2006). The amount of LH1 depends 
on the RC and LH2 content is modulated by growth conditions, such 
as light and oxygen tension since photosynthesis is performed under 
anaerobic conditions (Adams and Hunter 2012, Niederman 2013).

2.2. Cyanobacteria 
A large part of this thesis deals with cyanobacteria, which seem 

to have distinct evolutionary origins than purple bacteria (Blankenship 
2001). Differently, cyanobacteria are the first organisms on Earth that 
performed oxygenic photosynthesis. Their apparition about 3.5 billion 
years ago drastically changed the atmosphere and as a consequence, the 
composition of life forms of our planet since most organisms perform 
respiration.

Oxygenic photosynthesis: 
6 H2O + 6 CO2 + photons -> 6 O2 + C6H12O6 (sugars) 

Respiration: 
C6H12O6 + 6 O2 -> 6 H2O + 6 CO2 + ATP

It is commonly believed that chloroplasts have evolved from 
cyanobacterial ancestors via endosymbiosis. Due to their similarities 
with eukaryotic photosynthetic organisms, notably in structures of the 
photosystem I (PSI) and photosystem II (PSII), which were discovered 
in cyanobacteria (Jordan, Fromme et al. 2001, Guskov, Kern et al. 2009), 
they are of high interest in photosynthesis research. Their membrane 
organization and their soluble light harvesting system (Figure 3), not 
embeded in the membrane as Light Harvesting Complexes LHCI and 
LHCII, differ from green plants.

Differently to algae and plants containing solely chlorophyll and 
carotenoid molecules as pigments, cyanobacteria absorb the sunlight 
spectrum in a larger range thanks to their additional and unique 
pigments, the phycobilins. Differently to chlorophylls and carotenoids, 
phycobilins are bound covalently to the exclusive light harvesting 
antenna, the phycobilisomes giving the blue color to cyanobacteria (from 
the Greek κυανός [kyanós]= blue), which were mistakenly called blue-
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green algae since algae are considered as eukaryotic. Phycobilisomes 
absorb in the 470 nm to 650 nm range. They exist in 4 groups of 
phycobiliproteins, allophycocyanin (APC, maximum absorption at 650 
nm), phycocyanin (PC, 620 nm), phycoerythrin (PE, between 495 and 
565 nm depending on the organism) and phycoerythrocyanin (PEC, 
575 nm). APC, located in the core cylinders, PC, in the basal parts of 
the rods are components of all phycobilisomes, while PE and PEC are 
not found in all species. Differently to other photosynthetic organisms, 
these antennae are not embedded in the photosynthetic membrane 
but floating above it and allow cyanobacteria to regulate light energy 
funneling to the photosystems by association with or dissociation 
from the phycobilisome. As a remark, Rhodophyta are eukaryotic red 
algae that also contain phycobilisomes (red because of phycoerythrin). 
While chlorophyll a is commonly present in photosynthetic organisms, 
chlorophyll b is found mostly in plants, chlorophyll c in algae and some 
cyanobacteria synthesize some specific chlorophyll molecules, d and f, 
which absorb more in the red.

The freshwater Synechocystis sp. PCC 6803 is a model strain that is 
used in this thesis. It has a flexible metabolism that allows phototrophic 
growth under light by oxygenic photosynthesis, but also heterotrophic 
growth in the dark by oxidative phosphorylation and by glycolysis. 
Besides its ease of use in as an experimental organism, it offers the 
possibility to be mutated thanks to its known genome sequence (Kaneko, 
Sato et al. 1996).

Similarly to purple bacteria, cyanobacteria have a contiguous 
membrane and proteins involved in photosynthesis and respiration 
can be shared, whereas in photosynthetic eukaryotes respiration and 
photosynthesis occur in separated organelles, the mitochondrion and 
the chloroplast respectively. The electron transport chain between PSII 
and PSI drives electrons in a linear flow but can also occur solely via PSI, 
which recycles electrons in a cyclic flow. In cyanobacteria, by comparison 
with photosynthetic eukaryotes, the proximity of complexes involved in 
respiration and photosynthesis involves a different regulation of electron 
transport.
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Figure 3: Membrane of cyanobacteria with the phycobilisome (blue), 
Photosystem II (dark green), Photosystem I (green), ATP synthase 
(red), cytochrome b6f (cyt b6f in pink) and other proteins involved in 
the respiratory electron transport, with cytochrome c6 (cyt c6 in brown), 
plastocyanin (PC, grey) and plastoquinone PQ, black), shared in 
photosynthesis and with cytochrome oxidase (cyt oxidase in orange), 
SDH (yellow) and NDH-1 (purple), specific in respiration. Water splitting 
by PSII, the reduction of ADP and NADP during photosynthesis, the 
oxidation of NADPH and succinate during respiration is also shown. 
Ferredoxin NADP reductase
 (FNR) and ferredoxin (Fd), rieske iron sulfur protein (FeS), cytochrome 
f, phylloquinone (vita K) and iron sulfur centers (FX, FA and FB) are not 
shown here. Adapted from Liu, L. N. (Liu 2016).
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3. THE SUNLIGHT IS VITAL BUT ALSO DEADLY

Photosynthetic organisms use the sunlight as an energy source to 
survive and have therefore developed efficient ways to harvest the light 
under changing conditions in color and intensity. If there is a need to 
harvest light energy to drive photosynthesis, mechanisms to dissipate 
any deleterious excess of light are also vital.

Light harvesting is the first step of the photosynthesis process. It 
is performed by peripheral proteins containing pigments that funnel 
and transfer light energy to the reaction center. Antennas form the most 
abundant part of the photosynthetic machinery to be able to collect 
as much as possible from the light spectrum. The Light-Harvesting 
Complex II, LHCII, from green plants is, next to Rubisco (Raven 2013), 
one of the most abundant proteins on Earth if we consider that it is the 
most abundant membrane protein in the thylakoid membrane and that 
green plants constitute the largest part of the biomass.

Charge separation is the essential and efficient process where 
photon energy responsible for the excited state of a pigment molecule, 
the electronically excited state, is transformed into chemical redox 
energy. Among all photosynthetic organisms, it takes place in the 
Reaction Center, which contains chlorophylls and other cofactors. 
The basic structures of the various RCs are conserved during 
evolution (Blankenship 1992, Blankenship and Hartman 1998, Olson 
and Blankenship 2004). A special pair of chlorophylls with unique 
properties acts as a primary electron donor for the electron transfer 
cascade. This electronically excited dimer is responsible for the 
primary reaction, the charge separation resulting in an ion pair state 
P+A-. Extremely rapid secondary electron transfer reactions compete 
with possible recombination by spatially separating the positive and 
negative charges. In less than a nanosecond, the oxidized and reduced 
species are separated by distances that are in the order of the membrane 
thickness. Subsequently, slower processes occur to stabilize the energy 
formed and convert it further into exploitable and storable forms. Cyclic 
electron transfer chain pathways occur in anoxygenic photosynthetic 
bacteria, while noncyclic, also called linear electron chain is found in 
oxygen-evolving photosynthetic organisms via their two reaction center 
complexes, the photosystem I and II. 

State transitions form an important process to regulate light energy 
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between the two photosystems present in oxygenic photosynthetic 
organisms. The excess of energy in one photosystem, known as state 1 
when PSI is overexcited and state 2 when it is PSII, is redirected towards 
the one with less. There is a migration of antenna that dissociate from the 
photosystem under excess of excitation to associate with the photosystem 
with less light excitation. State transitions, the energy balance between 
PSII and PSI, is related to the quality of light but also to the production 
of ATP and NADPH, which is regulated by the switch from linear, 
PSII and PSI in series, to cyclic electron flow, involving solely PSI. 
First discovered in algae (Bonaventura and Myers 1969, Murata 1969), 
mechanisms of state transitions differs between cyanobacteria (van 
Thor, Mullineaux et al. 1998, McConnell, Koop et al. 2002, Joshua and 
Mullineaux 2004), algae and green plants (Allen 1992, Wollman 2001, 
Rochaix 2007, Minagawa 2011) since their light harvesting systems and 
associations with the photosystems are different.

Photoprotection is another essential process since excess of 
light energy under oxidative conditions can form damaging reactive 
oxygen species (ROS). To avoid overexcitation of chlorophyll and the 
electron transport chain oxygenic photosynthetic organisms have 
developed several photoprotective mechanisms where antenna systems 
are also essential to the downregulation of excess of light energy. Non-
photochemical quenching (NPQ) is a short-term response to light stress 
when carbon assimilation is saturated and excess of light is harmlessly 
converted into heat.

Light stress occurs constantly in oxygenic photosynthesis 
especially for PSII and is described as photoinhibition (Aro, Virgin et 
al. 1993). PSII is very sensitive to light and excess of excitation energy, 
which produces harmful singlet oxygen. It can lead to irreversible 
damage in particular to the D1 subunit. The half time of D1 protein 
turnover can be as short as 30 minutes (Greenberg, Gaba et al. 1987). It 
implies constant repair processes but also other protective mechanisms, 
such as regulation of the LHCII antenna size, thermal dissipation.

Photosynthetic organisms in an aerobic environment are 
unavoidably subject to oxidative stress that can cause damage to 
proteins, DNA and lipids. Regulatory systems are necessary to minimize 
the production of ROS, which are continuously present as byproducts 
of the metabolism and are in majority generated in the photosynthetic 
electron transport chain when the redox is imbalanced. Physiological 
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and environmental factors have a large effect of ROS production. UV 
irradiation, high light, salt stress or certain nutriment limitations may 
results in an imbalance in oxidants and often lead to oxidative stress 
(Latifi, Ruiz et al. 2009). In this thesis, the chapters II, III and IV will deal 
with the adaptation of the photosynthetic machinery in cyanobacteria 
under the frequent nutrient limitation of iron in water, due to its low 
solubility despite being the fourth most abundant element on the Earth’s 
crust.

4. IMPORTANCE OF CAROTENOIDS
Next to chlorophylls, carotenoids are another important type of 

pigment molecules synthesized by photosynthetic organisms. Similarly 
to chlorophylls, carotenoids are very abundant pigments. There are more 
than 600 types of carotenoids but they can be divided into two groups, 
carotenes and xanthophylls. Carotenes contain only hydrocarbons 
and xanthophylls additionally oxygen atom(s). The polyene chain, a 
succession of double and single bonds is a common characteristic.

Carotenoids are only synthesized by photosynthetic organisms 
excepted for few animal species that have integrated the genes of 
some fungi. However, they are essential for all living organisms. Non-
photosynthetic organisms acquire carotenoids through their diet. Since 
carotenoids are lipophilic, carnivores ingest these important molecules 
via fatty tissues where they are stored. 

They are important for human health (Bendich and Olson 1989, 
Rao and Rao 2007). The carotenes are precursors of vitamin A, which 
forms a group of unsaturated organic compounds such as retinol, retinal 
and other retinoids. Carotenoids are essential for vision (Handelman, 
Dratz et al. 1988), growth and development through retinoic acid 
(Maden 2007) but also as antioxidants (Liebler 1993). There is also 
evidence of their importance in cancer (Micozzi, Beecher et al. 1990) 
and cardiovascular diseases (Hennekens, Buring et al. 1996, Omenn, 
Goodman et al. 1996). They provide a stronger immune system (Bendich 
1989, Chew and Park 2004) and anti-inflammatory benefits (Ciccone, 
Cortese et al. 2013).
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4.1. Role of carotenoids in photosynthesis
Carotenoids are present in all photosynthetic organisms, where 

they serve several roles with their unique spectroscopic properties 
(Govindjee, DellaPenna et al. 1999, Domonkos, Kis et al. 2013). The 
low-lying S1 or 2Ag

- excited state is optically forbidden, therefore also 
called “dark” state, due to symmetry and the lowest energy transition 
allowed is the S0 to S2 (1Bu

+) transition (Polívka, Herek et al. 1999). 
Next to chlorophyll molecules, carotenoid molecules are also able to 
capture the sunlight energy. They absorb in the 400-550 nm range and 
enlarge the absorption spectra to efficiently harvest light energy. This is 
particularly true underwater, as the blue (around 500 nm) part of the 
light spectrum penetrates the deepest.

Carotenoids play a crucial role as protective agents in the thylakoid 
membrane. Their protective efficiency is influenced by their chemical 
properties. Carotenoids have an important function in protection 
against photodamage, the quenching of chlorophyll triplet state energy. 
First demonstrated 50 years ago in purple bacteria (Griffiths, Sistrom et 
al. 1955), carotenoids are vital in the presence of air and light.

Additionally, carotenoids have been found to have an important 
role when the photosynthetic organism is exposed to high light. Energy 
dissipation occurs as non-photochemical quenching, the quenching 
of chlorophyll fluorescence by the activation of decay channels, which 
convert the electronically excited state into heat. The excess of energy 
is transferred from chlorophyll to the lower S1 state of a carotenoid 
molecule (Polívka, Zigmantas et al. 2002). In this process, the length 
of conjugated double bonds can be determinant for the quenching 
properties of a carotenoid (Berera, Herrero et al. 2006).

Furthermore, carotenoids are antioxidants. Next to some other 
scavengers such as plastoquinones, they are able to quench the highly 
reactive singlet oxygen (1O2), which causes photoinhibition and can lead 
to cell death. 

Carotenoids play a role in the structure of photosynthetic proteins 
for their assembly and stability but also their functionality. As an example, 
the enzymatic conversion of the carotenoid violaxanthin to zeaxanthin 
in LHCII of higher plants is responsible for a structural modification 
inducing the formation of larger complexes, which are able to dissipate 
light energy (Horton, Ruban et al. 1991, Ruban, Berera et al. 2007). 
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Figure 4: Some essential carotenoids in purple (A) and cyanobacteria 
(B) and their synthesis pathway.
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Carotenoids are high hydrophobic molecules found no solely in 
the hydrophobic parts of the proteins but also in the membrane. It has 
been demonstrated that, when located between protein complexes, they 
are also able to play a role in light energy dissipation (Xu, Tian et al. 
2015) and have an antioxidant activity (Havaux, Dall’osto et al. 2007). 
Additionally, carotenoids in the membrane play a role in its fluidity 
(Gruszecki and Strzalka 2005).

4.2. Carotenoids in photosynthetic prokaryotes
In this thesis, we will investigate the role of carotenoids in 

photoprotection and the arrangement of complexes in purple bacteria 
and cyanobacteria. In the carotenoid biosynthesis pathway of anoxygenic 
and oxygenic photosynthetic bacteria, phytoene is a common precursor 
but there is a significant divergence in the derived products as shown in 
Figure 4.

In Rba. sphaeroides, the main biosynthesis pathway (Armstrong 
1994, Yeliseev and Kaplan 1997) for the carotenoids, which are 
discussed in Chapter VI, is depicted in Figure 4-A,. Cells are green when 
neurosporene, the principal carotenoid precursor, is present due to the 
lack of expression of the crtD gene coding for the hydroxyneurosporene 
desaturase. The carotenoid content differs when cells are grown under 
light anaerobic or dark semiaerobic conditions. Cells are brown due 
to spheroidene, when in the absence of oxygen under photosynthetic 
growth. Rba. sphaeroides  becomes red when grown under dark 
semiaerobic conditions, due to the presence of the carotenoid 
spheroidenone, the keto derivative of spheroidene, which is synthesized 
by the spheroidene monooxygenase, expressed by the crtA gene.

In cyanobacteria the role of carotenoids in Synechocytis sp. PCC 
6803 will also be discussed in several chapters and their biosynthesis 
pathway is given in Figure 4-B. Although the carotenoid biosynthesis 
differs between species (Takaichi and Mochimaru 2007), β-carotene is 
the most abundant and common form of carotenoid and is present in 
all cyanobacteria. Synechocytis sp. PCC 6803 also produces echinenone, 
a xanthophyll found in some cyanobacteria. It is synthesized from 
β-carotene by the β-carotene ketolase encoded by the crtW gene and 
also the crtW-type ketolase. Zeaxanthin is found in Synechocytis sp. 
PCC 6803 and also in plants, where it is an important carotenoid in 
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the xanthophyll cycle activated during non-photochemical quenching 
(Demmig, Winter et al. 1987, Müller, Li et al. 2001, Makino, Harada et 
al. 2008). Myxoxanthophyll can reach about 25% of the total carotenoid 
content in Synechocytis sp. PCC 6803.

5. INTRODUCTION TO THE TECHNIQUES USED
Since Biophysics meet the two distinct fields of biology and 

physics, the main methods used in this thesis in both disciplines will 
be briefly described in the following section and illustrated with some 
examples of applications and with references of reviews and books for 
further reading. 

5.1. Biochemical techniques
Research at the molecular level helps to resolve the mechanisms 

taking place and biochemical techniques are used to discover some 
common principles and variations between photosynthetic organisms. 
The light-dependent reactions, on which it is focused here, are mainly 
carried out by pigment-containing proteins. The determination of the 
molecular structure, the assembly into complexes and, especially for 
photosynthetic proteins, their interactions with cofactors and pigments 
are essential to understand the functionality and photochemical 
processes.

5.1.1. Isolation
To be able to study photosynthesis in purple bacteria, cyanobacteria 

or other photosynthetic organisms, the isolation of the various proteins 
constituting the photosynthetic machinery is essential. Biochemical 
techniques are used to isolate but also characterize the proteins, 
identify them, their size, arrangement and interactions. With a focus 
on methods used in this thesis, the principal biochemical techniques 
will be described in the following section. As a general remark, for 
the study into, as much as possible, the native state of photosynthetic 
proteins, isolations procedures must be as short as possible, carried at 
low temperature and require special care against (photo)-damage.

Most of the photosynthetic proteins are embedded in the 
photosynthetic membrane, which, therefore, first needs to be isolated. 
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After harvesting by centrifugation, the cells are disrupted. Several 
chemical and mechanical methods exist (Günerken, D’Hondt et al. 2015) 
but the essential requirement is to break the cells avoiding heat and to 
preserve its components and the photosynthetic membrane integrity. A 
commonly gentle method, successfully used for the isolation of tubular 
chromatophores from purple bacteria (Siebert, Qian et al. 2004), is 
the French press high-pressure homogenizer. The photosynthetic 
membrane is generally isolated by separation from unbroken cells and 
other components by sucrose (or Percoll) density gradient. This method 
allows the isolation of intact membrane and in the purple bacteria Rba. 
sphaeroides permits the separation of different types of membranes 
vesicles (Jungas, Ranck et al. 1999, Siebert, Qian et al. 2004).

Further photosynthetic proteins are isolated by solubilization with 
detergents that will mimic the membrane interaction with the protein 
and are often chosen for their capacity to keep the protein structure with 
its subunits interactions intact. Detergents are amphiphilic molecules 
and form micelles around the protein (le Maire, Champeil et al. 2000, 
Seddon, Curnow et al. 2004). They have hydrophobic domains of various 
length, which give different micelle sizes. For protein preparation, the 
critical micelle concentration (CMC) to avoid aggregation depends on 
the detergent. Three types of detergents can be considered. The ionic 
harsh surfactants that induce protein denaturation, like the anionic 
sodium dodecyl sulfate (SDS). The zwitterionic detergents are ampholytic 
and, with ionic and non-ionic groups, have a net neutral charge, as 
for example CHAPS (3-[(3-cholamidopropyl)dimethylammonio]-
1-propanesulfonate). The non-ionic detergents are milder, non-
denaturing and used for photosynthetic membrane solubilization. 
The detergents n-dodecyl-β,D-maltoside or n-dodecyl-α,D-maltoside 
(milder) are most commonly used (van Roon, van Breemen et al. 2000, 
Pagliano, Barera et al. 2012) but also digitonin (Seddon, Curnow et al. 
2004, Pagliano, Barera et al. 2012). For the solubilization of membrane 
of purple bacteria the nonionic surfactant n-octyl-β-D-glucoside has 
been commonly used next to LDAO, an amine oxide zwitterionic 
surfactant (Picorel, Bélanger et al. 1983, Miller, Hinchigeri et al. 1987, 
Cogdell and Hawthornthwaite 1993, Pandit, Visschers et al. 2001). Some 
membrane complexes can also be dissociated with stronger non-ionic 
detergent such as Triton X100 used for example in the purification of 
the reaction center in higher plants (Eijckelhoff, van Roon et al. 1996). 
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The ratio detergent to sample concentration, the incubation time, buffer 
conditions and temperature influence the result of the solubilization. 

Recently nanodiscs (Borch and Hamann 2009, Pandit, Shirzad-
Wasei et al. 2011, Swainsbury, Scheidelaar et al. 2014, Bell, Frankel et 
al. 2015, Scheidelaar, Koorengevel et al. 2015), amphipoles (Opačić, 
Durand et al. 2014) and liposomes (Wardak, Brodowski et al. 2000, 
Yang, Boggasch et al. 2006, Zhou, Liu et al. 2009) have been developed 
to isolate membrane proteins in a native state without detergent 
interaction. Two main concerns with photosynthetic membrane 
protein isolation are the loss of pigments at the interaction with the 
membrane and the modification of the protein environment through 
the removal of the native lipid-bilayer. The use of amphipathic polymer 
offers new improvements and has shown to increase also their stability 
by preserving their lipid environment (Opačić, Durand et al. 2014, 
Swainsbury, Scheidelaar et al. 2014).

5.1.2. Purification
After solubilization membrane proteins are purified by several 

techniques, which can even be coupled to increase purity. Charged 
groups, hydrophobic regions, size and solvation characterize the 
biochemical and biophysical properties of the protein and largely 
determine its purification behavior.

 Centrifugation is a common method used to separate for 
example aggregates from solubilized proteins. The sample can be also 
applied on a continuous or discontinuous sucrose density gradient to 
separate several molecules of interest by size. Additionally, sucrose 
can be used to pellet the sample on a cushion as a preferred method to 
increase its concentration and to keep its integrity when fragile. It has 
made possible the isolation of intact large complexes from Arabidopsis 
thaliana, the model plant generally used for genetic transformations 
(Caffarri, Kouřil et al. 2009). 

 Next to separation by centrifugation methods that allows 
isolation of large quantities, chromatography also separates molecules by 
size but additionally according to differences in charge, hydrophobicity 
and affinity. Main manufacturers (GE Healthcare, Pharmacia, Bio-Rad 
Laboratories) have detailed protocols to use their commercial separation 
materials and columns.
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 Gel filtration, also called size exclusion chromatography (SEC) 
has been extensively used to characterize the organization of higher 
plants (Boekema, van Roon et al. 1998, Dekker and Boekema 2005). 
Within 30 minutes the freshly solubilized material can be isolated and 
analyzed by size with a possible recording of absorption spectra by an 
online diode array detector. 

 Another strategy to improve purity involves the use of ion 
exchange chromatography (IEC). The separation is performed by 
differences in charge depending on affinity with an ion, anionic or 
cationic, exchanger based on a beaded hydrophobic resin packed in 
the column. LHCII (Peterman, Dukker et al. 1995) and reaction center 
complexes (Nanba and Satoh 1987) can be purified with cationic (Q 
Sepharose anion exchange, Amersham Biosciences).

 Hydrophobic interaction chromatography (HIC) separates the 
solubilized sample by differences in hydrophobicity. Combined with IEC 
it allows the purification of PSI monomers and trimers in cyanobacteria 
(Wenk and Kruip 2000).

 Immobilized-Metal affinity chromatography (IMAC) is another 
technique that can be used and leads to high levels of purity since 
exclusively the protein to be isolated is retained on the gel matrix by 
a very selective chemical called a tag (Uhlén 2008). Isolated CP43 and 
CP47 genetically modified with a Histidine tag in Synechocystis were 
compared to other preparations isolated from spinach and showed to be 
similar and additionally allowed the co-purification of subunits of PSII 
demonstrating their interaction (Boehm, Romero et al. 2011).

5.1.3. Analysis
 An important part of the characterization of photosynthetic 

proteins involves the analysis of their pigments composition by High-
Performance Liquid Chromatography (HPLC). Next to the successful 
isolation of the protein with its native pigment composition, the pigment 
extraction is crucial and depends on the solvent, temperature, with care 
to avoid damage, as pigments are sensitive to light. According to the 
pigment composition, the mobile phase can be adjusted to obtain a good 
separation of the pigments (Gilmore and Yamamoto 1991, Eijckelhoff, 
van Roon et al. 1996).

 Another common method used to analyze the content 
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of solubilized membrane preparations is the polyacrylamide gel 
electrophoresis (PAGE). Similarly to sucrose gradient and SEC, blue-
native (BN-PAGE) and clear-native PAGE (CN-PAGE) consist of a 
separation by size after solubilization of the membrane and keep intact the 
quaternary structure, meaning the non-covalent subunits interaction of 
the protein allowing the separation of intact supercomplexes (Schägger 
and von Jagow 1991, Schägger, Cramer et al. 1994). It can be coupled to 
another gel analysis, this time after denaturation by SDS (additionally 
urea, DTT or β-mercaptoethanol) and in a second dimension to 
obtain more information. Non-denaturing gels, such as BN-PAGE and 
CN-PAGE, have been extensively used to characterize the thylakoid 
membrane in cyanobacteria by J. Komenda and co-workers (Komenda, 
Sobotka et al. 2012).

 To determine and control the size and purity of the isolated 
preparation SDS-PAGE is frequently performed. Membrane proteins, 
PSI in particular, give some concern due to aggregation, which occurs 
when denatured under the heat treatment, even in the presence of 
SDS. Urea can be added to the gel to improve the separation. There are 
two main SDS-PAGE methods. The so-called Tricine-SDS-PAGE or 
continuous buffer system uses a similar pH between the stacking and the 
resolving gel developed by Schägger and von Jagow (Schägger and von 
Jagow 1987). Another protocol, called Tris-glycine, discontinuous buffer 
system or Laemmli uses a lower pH in the stacking gel (Laemmli 1970). 
The Tricine-SDS-PAGE is recommended for analysis of solubilized 
thylakoids, while the Laemmli buffer system gives better results with 
isolated proteins to be analyzed.

 The SDS-PAGE is eventually combined with immunoblot, 
also called western blot analysis. The protein bands separated by 
electrophoresis are transferred to a membrane and the protein of interest 
can be identified with the help of a specific antibody that is labeled to 
allow visualization (Mahmood and Yang 2012).

5.2. Spectroscopic techniques
 Pigment-protein complexes can be characterized by spectroscopy. 

The absorption of a pigment molecule depends on its environment and 
its binding to the photosynthetic protein is most of the time highly 
specific. A specific association of the pigment(s) with the protein gives 
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a particular spectral signature. With the development of spectroscopic 
techniques, the processes occurring in photosynthetic proteins can be 
studied (Amesz, Garab et al. 1996, Scheuring, Hohmann-Marriot et al. 
2008). The photosynthetic machinery is designed by nature to absorb 
light, funnel the light energy via antennae to transfer it to the reaction 
center, where it is trapped and charge separation occurs. Mechanisms of 
dissipation also take place. All the events compete with each other and 
the fastest will have the highest probability to occur. Electron transfer, 
proton transfer, NADPH and ATP formation, the final results of light 
reaction, are not characterized by spectroscopic measurements.

 Photon absorption of the pigment molecule from its ground 
state (S0) into a higher energy level, singlet excited states (S1,2...n) can be 
illustrated by the Jablonski diagram (Figure 5). After light absorption, 
there is competition between several events: transitions occur between 
excited states as internal conversion (IC), fluorescence (F), intersystem 
crossing (ISC) to excited triplet states (T), excited-state energy transfer 
(EET).

Figure 5: Jablonski diagram with A for photon absorption, F for 
fluorescence (emission), P for phosphorescence, S for singlet state, T 
for triplet state, IC for internal conversion, ICS for intersystem crossing. 
Thin grey lines represent excited vibrational states.
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5.2.1. Absorption

Absorption is an essential measurement to quantify pigment-
containing proteins at a given wavelength (λ) of the light.

Beer-Lambert law (A: absorption, ε: extinction coefficient, l: path length 
and c: concentration) and absorbance (I; transmission, I0: transmission 
of the reference):
A = εlc = -log (I/I0) 

Pigments (chlorophyll a, b, etc. and carotenoid molecules) when 
embedded in a protein, through interaction with the amino acids, have 
different energy levels that are responsible for efficient functionality of 
the system, such as light harvesting and energy transfer. Most of the 
pigment-containing proteins have a particular absorption spectrum, 
a spectral signature, like a fingerprint. For example, PSI, differently 
to PSII, contains some chlorophyll molecules that absorb around 700 
nm, the so-called red chlorophylls, that allow the spectral identification 
of the protein (van Roon, van Breemen et al. 2000, Gobets and van 
Grondelle 2001). These spectral differences are even more visible at low 
temperatures (77 or 5 K).

5.2.2. Linear Dicroism (LD)
 It corresponds to the difference of absorption between vertically 

and horizontally linearly polarized light of an oriented sample. This 
non-invasive technique probes the macromolecular order in the system, 
the orientation of the transition-dipole moments of the chromophores 
relative to the orientation axis of the sample. LD is able to probe the 
non-random orientation of the pigments relative to each other, relative 
to the protein long axis and the membrane plane. It has been well 
described (Garab 1996, Garab and van Amerongen 2009). A difference 
of macroorganization in chromatophores from Rba. sphaeroides, which 
depends on the presence or absence of the small protein PufX, has been 
demonstrated by LD (Frese, Olsen et al. 2000). The pigment orientation 
relative to the membrane plane can also be determined by LD (Breton 
1974, Breton and Verméglio 1982, de Weerd, Palacios et al. 2002).
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5.2.3. Circular Dichroism (CD)
It corresponds to the difference of absorption between left 

and right circularly polarized light. Distances and orientation of the 
transition-dipole moments of the interacting chromophores, the 
interactions of excitonically coupled molecules give a characteristic 
CD signal. It is representative of the secondary structural signature, 
the protein folding. This technique has been well documented (Garab 
1996, Garab and van Amerongen 2009). We can cite a few examples 
of applications of CD in photosynthetic research. Difference in protein 
folding between monomeric and trimeric LHCII was demonstrated by 
CD (Georgakopoulou, van der Zwan et al. 2007). Also reconstituted or 
mutated proteins can be compared to native forms (Peterman, Hobe 
et al. 1996). Recently it has been shown that the protein environment 
has an influence on the CD spectra and therefore on protein folding 
(Akhtar, Dorogi et al. 2015).

5.2.4. Fluorescence
 The fluorescence corresponds to the emitted light from molecules 

relaxing to the ground state after absorption of photons from a narrow 
excitation (Sauer and Debreczeny 1996, Papageorgiou and Govindjee 
2004, Lakowicz 2006). It gives information about the energy of the 
emitting state, energy levels of different pigment pools. Fluorescence has 
many applications in biology with diverse techniques, including the use 
of fluorescent dyes or proteins. The fluorescence excitation spectrum 
gives direct information about energy transfer between pigments. The 
lifetime of the excited state of chlorophyll is directly related to the 
fluorescence quantum yield.

Emission quantum yield, the efficiency of the fluorescence 
process, corresponds to the ratio photon absorbed to photon emitted. It 
is measured by comparison with a standard (for instance chlorophyll in 
solution) and gives an indication of the energy dissipation as heat. The 
energy difference between the absorbed and emitted photons usually 
ends up as molecular vibrations or heat. Triplet formation or charge 
separation can also occur.

Low-temperature measurements improve the spectral resolution 
due to the narrowing effect and are very useful to identify proteins, state 
transitions and energy transfer. Fluorescence enables the monitoring 
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of state transitions since the spectrum of state 1 (when photosystem I 
is overexcited) is different from that of state 2 (excess of light towards 
PSII).

The emission quantum yield (φ) measured at different 
temperatures is a useful parameter to assess the quenching properties of 
pigment proteins, NPQ. The emission quantum yield corresponds to the 
amount of photons emitted relative to the number of photons absorbed. 
Photosynthetic antennae commonly show a high emission quantum 
yield even upon lowering of the temperature. Compared to the bulk 
fluorescence at room temperature, a shift to long wavelength is often 
observed. It corresponds to the enhancement of the long wavelength 
emitting pigment at low temperatures. The spectral changes follow the 
Boltzmann distribution, which reflects the probability distribution of a 
system to be in a certain state as a function of its energy and temperature. 
The quenching properties of LHCII upon aggregation can be observed 
in the temperature dependence of the fluorescence yield of aggregates 
relative to the trimeric form (Ruban, Dekker et al. 1995).

5.2.5. Time-resolved spectroscopy
Since in photosynthetic organisms several light processes occur 

and compete with each other time-resolved spectroscopy is the most 
appropriate tool to unveil all the interactions and mechanisms taking 
place within an isolated system or even a whole leaf (Lambrev, Nilkens et 
al. 2010). Ultra-fast spectroscopy reveals the competing pathways, giving 
an estimation of their contribution. Measurements are performed with 
femtosecond lasers and, with the smallest delay line having a distance of 
0.3 mm, the resolution obtained is in the order of a picosecond. Ultrafast 
absorption or fluorescence measurements can be performed to monitor 
the different processes occurring by using the detection on the spectral 
range of the photosynthetic pigments. It can be extended in a broader 
range than the visible, for example in the infrared (Di Donato and Groot 
2015) to obtain information about the protein structure changes.

5.2.6. Time-resolved fluorescence
With the measurement of the evolution of the fluorescence 

spectrum in the picosecond to nanosecond lifetime scale, more 
information can be obtained that in steady state fluorescence (van 
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Stokkum, Gobets et al. 2006). While the emission yield in steady state 
give information about energy dissipation, the measurements of spectral 
changes through time can identify the pigments or protein involved. 
Three-dimensional images, displaying the intensity of the fluorescence 
in function of time and wavelength, can be obtained with the use of 
a synchroscan streak camera (Figure 6) combined to a spectrograph 
collecting the fluorescence of the sample excited with ultrafast narrow 
pulses of low intensity (Stokkum, van Oort et al. 2008). Recently 
time-resolved fluorescence measurements on Synechocystis sp. PCC 
6803 revealed some information on state transitions in cyanobacteria 
(Chukhutsina, Bersanini et al. 2015). 

Data analysis of time-resolved spectroscopy measurements is a 
complex and important part of the results (Holzwarth 1996) and is in 
our laboratory done using a global analysis (Laptenok, Borst et al. 2010) 
with R package TIMP (Mullen and van Stokkum 2007) or GLOTARAN, 
named from GLObal and TARget Analysis (Snellenburg, Laptenok et al. 
2012). With global analysis, the data are fitted as a sum of exponential 
decays convolved with an IRF (Instrument Response Function). The 
amplitudes of each decay component as a function of wavelength, 
decay-associated spectra (DAS) are plotted and give sequential lifetimes 
of the most probable kinetic scheme. The decay lifetimes obtained are 
sequential. Target analysis is then performed to obtain a kinetic model 
and describe the energy transfer rates. The species-associated spectra 
(SAS) identify the pigment species involved. Methodologies have been 
intensively developed by van Stokkum (van Stokkum, Larsen et al. 2004).

Figure 6: Streak camera





CHAPTER II
Carotenoid mutants and 

light energy dissipation in 
IsiA aggregates

Sandrine D’Haene1 and Jan P. Dekker1

1 Biophysics of photosynthesis/Physics of Energy, Department of Physics 
and Astronomy, Faculty of Sciences, VU University Amsterdam, De 
Boelelaan 1081, Amsterdam 1081 HV, The Netherlands

Keywords: IsiA; cyanobacteria; iron stress; quenching; carotenoids; 
zeaxanthin; echinenone; β-carotene



Carotenoid mutants and light energy dissipation in IsiA aggregates

54

ABSTRACT
Cyanobacteria cope with iron scarcity, a common stress, by 

expressing the isiA gene responsible for the synthesis of the Iron 
Stress Induced protein A. In earlier work this membrane protein 
was found to bind chlorophyll a and the carotenoids b-carotene, 
zeaxanthin and echinenone in an about 16:2:1:1 ratio. In IsiA 
aggregates, the carotenoids were shown to accept low-lying 
singlet excited states of chlorophylls and to dissipate the harmful 
excess of light energy into heat. In this work we investigate 
the effect of deficiencies in the carotenoid biosynthesis on the 
fluorescence quenching properties of IsiA in Synechocystis 
sp. PCC 6803. Mutants that respectively lack echinenone, 
zeaxanthin and both are shown to be able to produce IsiA. 
Pigment analysis shows that in the single mutants the missing 
carotenoid is replaced by the ones that can be synthesized. This 
means that the echinenone and zeaxanthine binding sites are 
not selective. IsiA isolated from the double mutant lacks about 
one carotenoid. The quenching ability of IsiA from all mutants 
is not significantly affected. This result suggests that for energy 
dissipation the localization of the carotenoid is more important 
than the particular type of carotenoid.
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1. INTRODUCTION
IsiA plays an important role under stress conditions. Under iron 

deficiency cells can cope with the decrease of PSI and phycobilisomes by 
enlarging the size of the PSI membrane complexes with 18 IsiA subunits 
in a single ring around PSI trimers (Bibby, Nield et al. 2001, Boekema, 
Hifney et al. 2001, Chauhan, Folea et al. 2011) or, as discovered more 
recently in Thermosynechococcus elongatus, a double ring of 43 IsiA 
subunits (Chauhan, Folea et al. 2011). IsiA can also form single or double 
rings surrounding monomeric PSI (Yeremenko, Kouřil et al. 2004, 
Kouřil, Arteni et al. 2005). PSI-IsiA complexes were found to efficiently 
harvest light for PSI (Bibby, Nield et al. 2001, Andrizhiyevskaya, Schwabe 
et al. 2002, Melkozernov, Bibby et al. 2003, Andrizhiyevskaya, Frolov et 
al. 2004).

Next to the function of light harvesting, IsiA has been found to be 
able to play another function, which is also essential to photosynthetic 
organisms. Indeed the deletion of the isiA gene is lethal under high 
illumination. IsiA is therefore also involved in photo-protection 
(Havaux, Guedeney et al. 2005). IsiA accumulates in the cells to form 
aggregates that are not connected to a photosystem (Kouřil, Arteni et 
al. 2005). IsiA aggregates have short fluorescence lifetimes (Ihalainen, 
D’Haene et al. 2005). This strong ability to dissipate light energy 
gives a photoprotective function to IsiA (Park, Sandström et al. 1999, 
Sandström, Park et al. 2001). Isolated IsiA aggregates show the same 
spectral properties as cells from which they were prepared (Ihalainen, 
D’Haene et al. 2005) meaning that IsiA becomes the main chlorophyll-
binding protein present under prolonged iron stress. Therefore the 
two-dimensional aggregates formed by IsiA allow the study of its 
photoprotective mechanism in vivo. 

Carotenoids are virtually omnipresent among microorganisms, 
animals and plants, where one of their roles is to protect cells from 
reactive oxygen species that cause photo-oxidative cell damage. In 
photosynthetic organisms, in addition to have a role in light harvesting, 
structure stabilization and assembly, they also have a function in non-
photochemical quenching, the thermal dissipation of chlorophyll excited 
state in excess of what is needed to drive primary photochemistry. 
When excited states of chlorophylls accumulate, they can be converted 
to excited triplet states, which readily react with oxygen to form harmful 
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singlet oxygen. Carotenoids have long been known to interact with both 
singlet-excited chlorophyll and triplet chlorophyll, de-exciting it in a 
preventive reaction before singlet oxygen can be formed (Pospíšil 2012). 
Ultrafast absorbance-difference measurements have suggested that one 
or more carotenoids in IsiA are directly involved in the quenching 
mechanism (Berera, van Stokkum et al. 2010) by dissipating the 
chlorophyll excitation via carotenoid S1 state into heat. To better identify 
the quencher, the study of mutants lacking specific carotenoids can 
bring insight in the role of the various carotenoids in IsiA quenching. 

Myxoxanthin, β-carotene, zeaxanthin and echinenone are the 
main carotenoids synthesized by Synechocystis sp. PCC 6803 (Goodwin 
1980, Bramley and Sandmann 1985, Martínez-Férez, Vioque et al. 
1994). In the biosynthesis pathway of carotenoids, β-carotene is the 
precursor of zeaxanthin and echinenone. The crtO gene encodes the 
enzyme β-carotene mono ketolase that introduces a keto group on one 
of the two β-ionone rings of β-carotene to produce echinenone (β,β-
carotene-4-one) (Fernández-González, Sandmann et al. 1997). This 
carotenoid is unique to cyanobacteria and Synechocystis is one of the 
few species that synthesizes significant amount of it. Echeninone is 
found in cytochrome b6f complex of Synechocystis (Wenk, Schneider et 
al. 2005). The crtR gene is responsible for the expression of the enzyme 
β-carotene hydroxylase that catalyzes the conversion of β-carotene into 
zeaxanthin (β,β-carotene-3,3’-diol) via the synthesis of β-cryptoxanthin 
(Masamoto, Misawa et al. 1998).

In the present work we investigate the fluorescence quenching 
properties of IsiA aggregates isolated from three mutants with impaired 
biosynthesis of carotenoids. The ∆crtO mutant, further called Ech-min 
mutant to facilitate clarity, is unable to synthesize echinenone due to the 
deletion in the crtO gene. The ∆crtR mutant, here named Zea-min, does 
not express zeaxanthin because of the deletion in the crtR gene. The third 
mutant, ∆crtRO or Ech/Zea-min, has a double mutation and is missing 
both carotenoids. Steady-state and time-resolved fluorescence allow the 
characterization of the quenching properties of IsiA preparations with 
different carotenoid composition.
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2. MATERIALS AND METHODS
2.1. Cells growth

Cells cultures of Synechocystis sp. PCC 6803 wild type (WT), 
PsaFJ-less and the carotenoid mutants ∆crtO (here named Ech-min), 
∆crtR (or Zea-min) and ∆crtRO (or Ech/Zea-min), were grown first in 
liquid culture of BG11 at a light intensity of 30-60 μmol of photons m-2 
s-1 till OD750nm of about 0.7 cm-1 was reached and then diluted about 50 
times in BG11 where iron was omitted. Cells were harvested when PSI 
in the cells was at the lowest possible content as indicated by the ratio 
682 nm (IsiA) to 720 nm (PSI) from emission measurements at 77K 
with excitation at 420 nm.

2.2. IsiA isolation
Cells harvested in Mannitol buffer (0.3 M mannitol, 10 mM Bis Tris 

pH 6.5, 5 mM EDTA) were treated as previously described (Ihalainen, 
D’Haene et al. 2005). The thylakoid membranes were solubilized with 
n-dodecyl β-D-maltoside (β-DM) at a concentration of 1% for 1 mg/
ml chlorophyll at room temperature for 5 minutes. After centrifugation 
at 13.000 rpm, the solubilized material was purified with a Mono Q HR 
10/10 column (Pharmacia) connected to a Shimadzu Class-VP 6.12 
system running at a flow of 0.5 ml/min. IsiA fractions were eluted after 
applying a salt gradient of the equilibration buffer BTT β-DM (20 mM 
Bis-Tris pH 6.5, 20 mM NaCl, 10 mM MgCl2, 15 mM MgSO4, 1.5% 
taurine and 0.03% β-DM) with 0.25 M MgSO4 end concentration.

2.3. Size exclusion chromatography
Isolated complexes were submitted to a Superdex 200 HR 10/30 

column (Pharmacia) connected to a Shimadzu Class-VP 6.12 system 
with diode array detection and equilibrated with BTT β-DM buffer at a 
flow of 0.35 ml/min.

2.4. Pigment analysis
Pigment analysis was performed according to Gilmore et al 

(Gilmore and Yamamoto 1991) with some modifications. For this 
procedure, pigments were extracted with 80% acetone, centrifuged 
and loaded on a RP-HPLC-column (Lichrosorb C18, 10 μm, 250 x 4.6 
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mm) connected to a Shimatzu Class-VP 6.12 system with diode-array 
detection in the 190-800 nm range. After equilibration in buffer A (85% 
acetonitrile 13.5% methanol, 1.5% 0.2 M Tris/HCl (pH 8.3) the run with 
a flow of 1 ml/min consisted of 7 min at isocratic flow, followed by 6 
min of a linear gradient to buffer B (80% methanol, 20% n-hexane) and 
17 min with buffer B. After all pigments elution the column was finally 
rinsed with methanol for 5 min.

2.5. SDS-PAGE
Isolated IsiA samples were analyzed by SDS-PAGE according to 

Laemmli (Laemmli 1970) on a gel of 12% acrylamide and bis-acrylamide 
(29:1) with 2 M urea. Before loading on the gel with a protein ladder 
(Page Ruler Prestained of Thermo Fisher Scientific) the samples were 
denaturated at 37°C for 30 min in 60 mM Tris pH 8, 6% LDS, 33 mM 
DTT, 10% glycerol and 0.01% Bromo phenol Blue. The gel was stained 
with Coomassie for visualization and imaged with the Luminescent 
Image Analyser Image Quant LAS 4000 (GE Healthcare).

2.6. Steady-state spectroscopy
For low-temperature measurements, the samples were diluted in 

66% (v/v) glycerol adjusted to the final concentration of buffer (20 mM 
Bis-Tris pH 6.5, 20 mM NaCl with 0.06-0.09% β-DM) to an absorbance 
of 0.05 to 0.1 cm-1 at 680 nm and placed in a 1 cm path length polystyrene 
cuvette. Temperatures of 4 K to 240 K were obtained in a helium-bath 
cryostat (Utrex) with a gas-flow temperature controller used to vary the 
temperature. 

Fluorescence emission spectra were recorded using a laboratory-
built setup equipped with a ½ m imaging spectrograph and a CCD 
camera (Chromex Chromcam I). The spectral resolution was ~ 0.5 
nm. Broadband excitation was provided by a tungsten halogen lamp 
(Oriel) and a 420 nm interference filter (bandwidth of ~15 nm). The 
recorded emission spectra were corrected for the wavelength-dependent 
sensitivity of the detection system.

Emission was also recorded with a commercial Fluorolog, Jobiny 
Ivon at room temperature and with an Oxford cryostat at 77 K.

Absorption measurements at room temperature and 77K were 
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performed on a commercial spectrophotometer (Perkin), while 5 K 
absorption spectra were assessed on a laboratory-built spectrometer 
(Utrex cryostat). 

Circular dichroism (CD) was recorded at room temperature with 
a bandwidth of 1 nm and integration time of 0.5 s on a Chirascan-Plus 
spectropolarimeter (Applied Photophysics). The OD of the samples in 
the Qy region was about 1.cm-1.

2.7. Time-resolved emission
Time-resolved emission was measured with a Streak camera set up. 

The sample with an OD at 680 nm of about 0.3 to 0.5 cm-1 was placed in a 1 
cm pathlength quartz cuvette with magnetic stirring. Vertical excitation 
pulses of 400 nm (~100 fs) were generated using a titanium:sapphire 
laser (Coherent, VITESSE) with a regenerative amplifier (Coherent, 
REGA) and a double-pass optical parametric amplifier (Coherent, 
OPA). The repetition rate was 150 kHz, pulse energy 0.4 nJ and the 
beam diameter ~ 1 mm. The fluorescence was detected at right angle 
through an orange sharp cut-off filter and polarizer at magic angle by a 
Chromex 250IS spectrograph, a Hamamatsu 5680 Synchroscan streak 
camera and a cooled Hamamatsu C4880 CCD camera. Measurements 
were performed at room temperature on a 2 ns time base with a time-
resolution of 27 ps. The images of 10 sec measurements repeated 50 
times were averaged and corrected for background signals and detector 
sensitivity. The global analysis was performed using GLOTARAN 
(Snellenburg, Laptenok et al. 2012).

3. RESULTS
3.1. Carotenoid mutants under iron depletion

Wild type and mutants from Synechocystis sp. PCC 6803 that are 
unable to synthesize echinenone (Ech-min), zeaxanthin (Zea-min) or 
both (Ech/Zea-min) were grown under normal conditions and under 
iron limitation. The optical density of the cells was measured to compare 
their growth (Figure 1). Iron depletion strongly affected the growth rate 
of cells as earlier observed (Park, Sandström et al. 1999, Sandström, 
Ivanov et al. 2002). Similarly to the WT, all the mutants were able to 
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grow to some extent up to 10 days under iron limitation, showing that 
deletions in echinenone and/or zeaxanthin synthesis are not lethal under 
these stress conditions. After about 10 days of iron depletion the growth 
of all strains does not increase. The optical density remains stationary 
and after 20-30 days it becomes lower as cells start to die.

Under both normal and iron depleted conditions, the cultures of 
the Ech-min mutant had a similar growth rate compared to the WT or 
PsaFJ-less (data not shown) strains. The two mutants without zeaxanthin 
grew slightly slower without iron in the medium but also in its presence.

The emission spectra recorded at 77 K with 420 nm excitation of 
all strains was measured after growth in presence of iron (Figure 2-A) 
and after iron depletion for 7 days (Figure 2-B). Under normal growth 
conditions emission spectra are characterized by a main peak at 720 
nm corresponding to PSI, three bands at 648 nm, 665 nm and 681 nm 
from, respectively, phycocyanin, allophycocyanin and terminal emitters 
of phycobilisomes, and an additional band at 693 nm from PSII (Figure 
2-A). All strains showed similar spectra, indicating that the relative 
amounts of photosystems and phycobilins were similar, suggesting a 
comparable starting material before dilution with iron-free medium. 

Figure 1: OD750nm of cells of WT (black line), Ech-min (red), Zea-min 
(green) and Ech/Zea-min (blue) strains grown with iron (full line) and 
without (dotted line).
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After 7 days of growth in medium under iron limitation, the cells 
of all strains show the appearance of a characteristic 77 K emission 
band at 682 nm (Figure 2-B). This band can be attributed to the earlier 
characterized emission of IsiA, which synthesis is triggered under iron 
stress (Andrizhiyevskaya, Schwabe et al. 2002). The intensity of the 682 
nm emission band was significantly smaller in both mutants lacking 
zeaxanthin and slightly smaller in the mutant lacking echinenone. The 
observed spectra indicate that IsiA is expressed in WT and all mutants 
after growth in iron-deficient medium but to different extents.

We should note that especially in the early stage of iron stress 
IsiA binds to PSI to form PSI-IsiA complexes (Bibby, Nield et al. 2001, 
Boekema, Hifney et al. 2001, van der Weij-de Wit, Ihalainen et al. 
2007). These complexes are characterized by a very low amplitude of 
the emission of IsiA at 682 nm, since in these complexes light energy is 
efficiently transferred from IsiA to PSI (Andrizhiyevskaya, Schwabe et 
al. 2002).Andrizhiyevskaya, 2002 #211}.Andrizhiyevskaya, 2002 #211}. 
At 5 K a blue-shift from 723 nm to 721 nm in Synechocystis PCC 6803 
(van der Weij-de Wit, Ihalainen et al. 2007) and from 714 nm to 713 nm 
in Synechococcus PCC 7942 (Andrizhiyevskaya, Schwabe et al. 2002) of 
the emission band of PSI is also observed. After prolonged iron stress, 
as previously shown (Ihalainen, D’Haene et al. 2005, van der Weij-de 
Wit, Ihalainen et al. 2007), IsiA accumulates to larger extents without 
PSI and at cryogenic temperature the emission of IsiA is much higher. 
Consequently, the emission bands at 682 nm in Figure 2-B will primarily 
arise from IsiA that is not bound to PSI. 

In comparison to the WT, the IsiA emission is less prominent in 
the Zea-min and Ech/Zea-min mutants. This means that there is less 
free IsiA and may mean that less IsiA is accumulated. Apparently, the 
cell division is slower in these mutants and as a consequence there is less 
evolution of the cell composition. 

When comparing the emission spectra measured at 5 K and 
normalized to the OD of cells grown for about 20 days under iron 
depletion (Figure 2-C), the difference in PSI between the different 
types of cell studied here is better visible. Notably there are more IsiA 
complexes unconnected to PSI, thus a higher emission band at 682 nm. 
Additionally, in view of the broad emission around 723 nm, the level of 
PSI is clearly higher for both mutants lacking zeaxanthin.
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Figure 2: Emission spectra with 420nm excitation, from cells WT 
(black line), Ech-min (red), Zea-min (green) and Ech/Zea-min (blue) 
strains at 77K grown with iron (A), under iron depletion for 7 days (B) 
and at 5 K without iron for about 20 days (C).

3.2. Isolation of IsiA from carotenoid mutants
IsiA aggregates were isolated from WT and carotenoid mutants 

grown under long iron depletion as previously from PsaFJ-less mutant 
(Ihalainen, D’Haene et al. 2005). It was shown earlier that this PsaFJ-
less mutant, due to the malfunction of PSI, expresses IsiA even under 
normal growth conditions (Jeanjean, Zuther et al. 2003). Under iron 
depletion this mutant contains less PSI than the WT in a shorter time 
(Yeremenko, Kouřil et al. 2004) and was used in this work for the 
isolation of IsiA aggregates as a reference to previous measurements. All 
strains give a similar binding behavior on the anion exchange column 
through the isolation procedure (data not shown). Solubilized IsiA are 
in the aggregates form or associated with PSI, as they elute from the 
column with about 200 mM MgSO4, while monomeric subunits of IsiA 
do not bind with the equilibration buffer containing 15 mM MgSO4 
(Chapter III of this thesis).
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All isolated IsiA complexes display a similar elution profile with a 
main peak at around 19 min (6.65 mL) when analyzed by size-exclusion 
chromatography (SEC; Figure 3). Consequently, all preparations contain 
IsiA mainly in oligomer forms. IsiA from Ech/Zea-min shows a small 
peak at 24 min, corresponding to monomeric subunits, but the other 
isolated IsiA samples do not contain monomers. The small peaks at 30 
and 32 min that are most prominent in the Ech-min mutant are caused 
by free chlorophylls and carotenoids. According to previous EM images 
of IsiA aggregates from a PsaFJ-less mutant, IsiA is organized in two-
dimensional aggregates (Ihalainen, D’Haene et al. 2005) and was shown 
to form complete and partial rings of various sizes from 12 to 35 IsiA 
subunits in Synechocystis (Yeremenko, Kouřil et al. 2004, Kouřil, Arteni 
et al. 2005). 

The absorption spectra at room temperature of all IsiA preparations 
can be compared to assess the purity of the preparations (Figure 4-A). 
The Qy absorption region of chlorophylls is very similar for IsiA 
isolated from WT and Ech-min mutant with a maximum at 672 nm as 
observed previously for IsiA aggregates with a non-altered carotenoids 
biosynthesis (Ihalainen, D’Haene et al. 2005). The absorption of IsiA 
preparations from Zea-min and Zea/Ech-min was different with some 
PSI identified by its characteristic red chlorophylls absorbing around 700 
nm and a more red absorption maximum in the Qy. PSI absorption in 
the Qy is shifted to the blue when IsiA binds to form PSI-IsiA complexes 
(Andrizhiyevskaya, Schwabe et al. 2002, van der Weij-de Wit, Ihalainen 
et al. 2007). This result can be explained by the poor growth of the Zea-
min and Zea/Ech-min mutants under iron depletion leading to cells 
containing more PSI and possibly some PSII than in other strains with 
a higher cell division.

From the emission spectra at 5 K (Figure 4-B) we can better 
evaluate the purity of IsiA than with absorption measured at RT, 
especially if there is some PSI present since it emits around 720 nm 
instead of 686 nm for IsiA. All emission spectra at 5 K are dominated by 
IsiA and by normalizing at 686 nm, we can compare the emission band 
corresponding to free chlorophylls around 675 nm, which is present 
in all IsiA preparations with the exception of IsiA from the Ech-min 
mutant. The amount of free chlorophyll shows to be the highest in IsiA 
from the Ech/Zea-min, less from the Zea-min and the lowest from the 
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Ech-min. The emission spectra at 5 K display a narrow peak at 686.5 nm 
with a fwhm of about 6.5 nm for Ech-min and Ech/Zea-min similarly 
to IsiA from PsaFJ-less as earlier shown (Andrizhiyevskaya, Schwabe 
et al. 2002, Ihalainen, D’Haene et al. 2005). The fwhm is of about 9 nm 
for IsiA from the Zea-min cells. Some PSI emitting around 720 nm 
was found mainly in IsiA from both mutants lacking zeaxanthin. IsiA 
without echinenone had the lowest band at 720 nm. Other bands in the 
730 nm to 800 nm region correspond to vibrational bands from IsiA.

SDS-PAGE was performed to further evaluate the purity of IsiA 
aggregates (Figure 5). IsiA gives a band around 30 kDa (Bibby, Nield et 
al. 2001, Yeremenko, Kouřil et al. 2004, Wahadoszamen, D’Haene et al. 
2015). The preparations from Ech/Zea-min and to a lower extent Zea-
min mutant, similarly to the emission spectra of cells, shows presence 
of some PSI with a band around 60 kDa corresponding to PsaA and B 
subunit. This band is barely visible in IsiA samples isolated from the WT 
and Ech-min. IsiA from WT shows a band around 130 kDa that could 
correspond to some aggregated PSI.

Figure 3: SEC chromatogram from isolated IsiA of WT (black line), 
Ech-min (red), Zea-min (green) and Ech/Zea-min (blue) strains.
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Figure 4: A) Absorption spectra at RT of IsiA preparations from the WT 
(black line), Ech-min (red), Zea-min (green) and Ech/Zea-min (blue) 
strains and B) the emission spectra at 5 K with excitation at 420 nm of 
IsiA from the carotenoid mutants - same colors - and PsaFJ-less (grey) 
for comparison. All spectra are normalized at their maximum.
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3.3. Pigment analysis
The pigment composition from all cell strains used in our work 

was analyzed by HPLC to confirm the presence of the mutations in 
the cultures (results not shown). In Synechocystis sp. PCC 6803, next 
to chlorophyll a, zeaxanthin, echinenone, β-carotene, myxoxanthophyll 
and in a smaller amount β-cryptoxanthin are synthesized and were 
present in the WT and PsaFJ-less cells. We could verify the deletion of 
the crtO and crtR genes by the deficiency in echinenone and zeaxanthin 
synthesis respectively. The lack of myxoxanthophyll and β-cryptoxanthin 
was observed in both Zea-min and Ech/Zea-min mutants lacking the 
crtR gene as expected knowing the carotenoid biosynthetic pathway 
(Masamoto, Misawa et al. 1998).

The pigment composition of several preparations of IsiA isolated 
from the carotenoid mutant strains and PsaFJ-less was analyzed by 
HPLC after pigment extraction (Figure 6 and Table 1). The pigment 
composition of IsiA aggregates from the PsaFJ-less mutant was estimated 
in a previous work to contain for 16 chlorophyll a, one zeaxanthin, 

Figure 5: SDS-PAGE of markers and isolated IsiA preparations with a 
similar OD.
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one echinenone and two β-carotene pigments per IsiA monomer 
(Ihalainen, D’Haene et al. 2005). Here, as previously, we calculated the 
ratio chlorophyll a to carotenoid from the HPLC chromatograms of IsiA 
isolated from the carotenoid deletion strains. We compare our results to 
IsiA from PsaFJ-less mutant as earlier estimated (Ihalainen, D’Haene 
et al. 2005) by normalizing to 16 chlorophylls per IsiA. However the 
carotenoid deletions can affect the protein stability and induce pigment 
losses. PSI impurities, if present, give a higher contribution of β-carotene 
relative to other carotenoids.

The pigment analysis on isolated IsiA preparations shows that 
myxoxanthophyll is present in low amount in IsiA from the PsaFJ-
less and Ech-min mutant but, as observed in cells, it is not found in 
the crtR deleted mutants, Zea-min and Zea/Ech-min. The β-carotene 
hydroxylase, encoded by the crtR gene, produces myxoxanthophyll from 
γ-carotene via a pathway involving intermediates (Takaichi, Maoka et 
al. 2001) and the small peak observed at the elution time around 15 
minutes corresponds most probably to desoxy myxoxanthophyll as 
earlier observed (Lagarde and Vermaas 1999, Schäfer, Vioque et al. 
2005).

Similarly to cells, in IsiA the deletion of the crtR gene has also 
for consequence the absence of β-cryptoxanthin, which is synthesized 
from β-carotene by the β-carotene hydroxylase and is the precursor of 
zeaxanthin produced by the same enzyme.

The absence of echinenone and zeaxanthin due to the deletion 
of the crtO and crtR genes respectively could be confirmed in isolated 
IsiA. Nevertheless the total of 4 carotenoids for 16 chlorophylls remains 
unchanged, excepted for the double mutant, in which the replacement 
of echinenone and zeaxanthin by β-carotene only seems not possible 
(15-20% of the carotenoids are not replaced). Indeed in IsiA isolated 
from the Zea-min mutant, zeaxanthin is replaced mainly by echinenone 
(0.9 in PsaFJ-less against 1.6 in Zea-min) and only to a smaller extent by 
β-carotene (2.1 in PsaFJ-less against 2.3 in Zea-min).

In IsiA isolated from the Ech-min mutant echinenone is replaced 
by β-carotene, as zeaxanthin is present in a similar ratio. Zeaxanthin 
seems to not be able to replace echinenone. 
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Figure 6: Chromatograms from the HPLC analysis, normalized to 
chlorophyll a with absorption at 450 nm, of isolated IsiA from PsaFJ-less 
with a black line, Ech-min in red, Zea-min in green and Ech/Zea-min in 
blue. Myxoxanthophyll (Myxo) elutes first followed by β-cryptoxanthin 
pigments. (here not visible), zeaxanthin (Zea), desoxy myxoxanthophyll 
(Desoxy myxo), chlorophyll a (Chl), echinenone (Ech) and β-carotene 
(β-Car) pigments.

Table 1: Pigment composition of isolated IsiA aggregates, from PsaFJ-
less, Ech-min, Zea-min and Ech/Zea-min, normalized to 16 Chls. 
Precision of +/-0.1 with standard deviation between preparations of 
+/- 0.2.

 Pigments PsaFJ-less Ech-min Zea-min Ech/Zea-min

 Chlorophyll a 16 16 16 16

 Myxoxanthophyll 0.1 0.2 0 0

 β-cryptoxanthin 0.2 0.1 0 0

 Desoxy myxoxanthophyll 0 0 0.1 0.1

 Zeaxanthin 0.9 1.1 0 0

 Echinenone 0.8 0 1.6 0

 β-carotene 2.2 2.7 2.3 3.3

 Total carotenoids 4.2 4.1 4.0 3.4
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3.4. Circular dichroism
A change in the pigment composition, here due to deletion in 

the carotenoid synthesis, can have an effect on the protein structure 
and as a consequence on the pigments interaction within the protein, 
which might induce modification of its properties. Circular dichroism 
(CD) measurement of isolated IsiA from the mutants with different 
carotenoid composition can give some indication if the modification in 
pigment composition has an effect on the protein structure.

The CD spectra measured at room temperature (Figure 7) show 
similar spectra for IsiA from WT compared to Ech-min. The lack of 
echinenone has no influence on the CD spectrum of IsiA. β-carotene 
seems to be able to replace this carotenoid without any influence on the 
protein structure and pigments interaction.

However, some differences in the CD spectra are observed for 
both zeaxanthin mutants in the chlorophyll and carotenoid region 
with a more negative signal around 400 nm and for the band at 684 
nm, a more positive signal between 450 and 550 nm and for the band 
at 671 nm, and less negative band around 660 nm. The replacement 
of zeaxanthin by other carotenoids influences the CD spectrum. The 
differences around 660 nm are most probably related to CD features 
of PSI, which, differently to IsiA, does not have a negative band at 660 
nm (Andrizhiyevskaya, Schwabe et al. 2002). Andrizhiyevskaya and co-
workers compared the CD spectra in the Qy region of IsiA monomers, 
PSI-IsiA and PSI measured at 77 K and showed that PSI-IsiA displays 
a red-shift of the negative band at 686 nm and a blue-shift of the 
positive band at 671 nm compared to PSI. Additionally PSI-IsiA has a 
more pronounced band at 678 nm compared to PSI but here at room 
temperature a small shoulder from IsiA contribution is hardly visible. 
The CD spectrum of PSI-IsiA corresponds to a combination of IsiA and 
PSI spectral features. The CD spectrum of IsiA monomers measured 
by Andrizhiyevskaya is similar to the aggregates form but the features 
around 678 nm and negative signal at 692 nm are not visible in the CD 
spectra of IsiA aggregates at room temperature.

3.5. Emission yield at room temperature
The light energy after being absorbed by pigments can be 
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Figure 7: CD at RT with zoom of the Qy region (insert) of IsiA prepa-
rations from the 2nd set of isiA from the WT (black line), Ech-min 
(red), Zea-min (green) and Ech/Zea-min (blue) strains.

transferred to a photochemical reaction center, emitted as fluorescence, 
converted into the triplet state or dissipated as heat. From previous 
work of Ihalainen and co-workers it was shown that IsiA aggregates 
have a very low emission yield at room temperature compared to free 
chlorophyll a (Ihalainen, D’Haene et al. 2005). The emission yield at 
room temperature of IsiA from all strains is compared to that of free 
chlorophyll a in 80% acetone normalized to the same OD. IsiA from 
the PsaFJ-less mutant was characterized earlier and estimated to have 
an emission yield of about 2% compared to chlorophyll in 80% acetone 
(Ihalainen, D’Haene et al. 2005). The emission yield was corrected 
from the free chlorophylls contribution, which was calculated to be 
of half of the measured IsiA yield at room temperature. Although the 
free chlorophyll content, estimated from the emission peaking at about 
675 nm at 5 K, was of 2-3% only, it gives a strong contribution to the 
emission yield at room temperature.

The emission of isolated IsiA from PsaFJ-less, Ech-min, Zea-
min and Ech/Zea-min was measured at room temperature with non-
selective excitation at 400 nm and resulted in an emission yield of 5+/-
1%, 10+/-1%, 22+/-9% and 11+/-3% relative to chlorophyll a in 80% 
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acetone, respectively (Table 2). IsiA from all carotenoid mutants seem 
to have a higher emission yield than in IsiA with its natural pigment 
content. However these values do not take into account the amount of 
free chlorophyll or impurity in the samples. Several preparations were 
measured and gave in the case of IsiA from the Zea-min mutant the 
highest differences and the highest emission yield at room temperature. 
The difficulty to obtain preparations of IsiA from the zeaxanthin 
mutants without impurities or free chlorophylls brings large uncertainty 
on the estimation of the emission yield because of their non-negligible 
influence. 

For comparison, the emission yield of CP43 and CP47, the 
PSII antennae that are homologous of IsiA, is of about 20% and 24% 
relative to free chlorophyll a at room temperature, respectively (Groot, 
Peterman et al. 1995, Groot, Frese et al. 1999). CP43 and CP47 isolated 
from Synechocystis with a polyhistidine-tag showed higher emission 
quantum yield than in spinach with about 50 and 75% for CP47-His 
and CP43-His respectively (Boehm, Romero et al. 2011).

3.6. Temperature dependence of steady state emission
The emission yield of cells and isolated IsiA from the PsaFJ-less and 

the carotenoid mutants was measured at different cryogenic temperatures 
(Fig. 6-A and -B). Free chlorophyll a displays a linear evolution of the 
emission yield with the temperature, which is negligible between 80 K 
and 10 K. The emission quantum yield is of 30% at 5 K and 25% at 250 
K (Groot, Peterman et al. 1995). The protein environment can modify 
the energy landscape of the pigments and give spectral heterogeneity. A 
bigger difference of the emission yield appears between 5 K and higher 
temperatures when the pigment-protein is able to dissipate the light 
energy at room temperature. The quenching of the excited state at room 
temperature is lower than at cryogenic temperatures due to the decrease 
of the internal conversion rate. Indeed the excitation energy is trapped 
at low temperatures and the quencher is harder to be reached. Uphill 
energy transfer is limited at cryogenic temperature.

When comparing the emission spectra at different temperatures, 
the maximum of the emission band at 5 K of IsiA from PsaFJ-less, 
Ech-min and Zea-min strains has a maximum at 686 nm that display 
a red-shifted of about 3 nm by comparison to the spectra near room 
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temperature (Figure 8-A). This shift corresponds to different energy 
states with an energy distribution as function of temperature according 
to Boltzmann, while in the case of IsiA from the double mutant there 
is a larger shift of about 7 nm, corresponding probably to an additional 
larger contribution of free chlorophylls at higher temperature. 

After iron depletion for a long duration IsiA is the most abundant 
chlorophyll protein in the PsaFJ-less and Ech-min strains as the emission 
spectra at low temperature of cells and corresponding isolated IsiA are 
similar (Figure 2-C and 4-B). As a consequence we observe an identical 
behavior in cells and intact isolated IsiA for these two strains. The 
fluorescence yield of isolated IsiA and cells from which it was obtained 
in that case allows the characterization of the excited state decay of IsiA 
in vitro and in vivo since the cells mainly contain IsiA as chlorophyll-
binding protein. Differently to proteins where the isolation procedure 
can generate free chlorophylls, in cells the proteins can be characterized 
in a native state. However this is not the case for the single and double 
zeaxanthin mutants since the emission spectra at 5 K of cells differ from 
IsiA aggregates as shown in the first part of the results section (Figure 
2-C and 4-B). The cells of Zea-min mutants contain less IsiA, more PSI, 
probably more PSII and phycobilisomes than in the PsaFJ-less and Ech-
min mutants. We should note also that IsiA isolated from the Ech/Zea-
min cells contain a large amount of free chlorophylls (Figure 4-B), which 
is could perhaps be due to the lack of one carotenoid in this mutant that 
can induce instability of the protein structure.

Table 2: Emission yield at RT with 400 nm excitation relative to 
chlorophyll a in acetone, normalized to the same absorption in the Qy 
region. For comparison, emission of CP43 at 260 K (Groot, Frese et al. 
1999) and CP47 at 270 K (Groot, Peterman et al. 1995).

Emission 
yield

PsaFJ-
less Ech-min Zea-min Ech/Zea-

min CP43 CP47

Relative to 
Chl a 5+/-1% 10+/-1% 22+/-9% 11+/-3% 20% 24%

Absolute 
yield 1.5+/-0.3% 3+/-0.3% 6.6+/-2.7% 3.3+/-0.9% 5% 6%
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Figure 8: A) Temperature-dependent emission spectra with 420 nm 
excitation of isolated IsiA from PsaFJ-less, Ech-min, Zea-min and Ech/
Zea-min mutants. B) Integrated emission intensities as a function of 
temperature of IsiA (filled symbol) and cells (unfilled symbols) from 
PsaFJ-less (black square), Ech-min (red circle), Zea-min (green 
triangle) and Ech/Zea-min (blue triangle) strains.
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When we compare the emission yield at different temperatures 
(Figure 8-A and -B), we observe that isolated IsiA aggregates from 
the Ech-min mutant and the cells from which these aggregates were 
obtained show the same temperature dependence of the fluorescence 
quantum yields as in the corresponding preparations from the PsaFJ-less 
mutant, which are similar to data earlier published (Ihalainen, D’Haene 
et al. 2005). A strong decrease of the emission yield with the increase of 
temperature is also observed. It shows the ability of IsiA to dissipate light 
energy into heat at room temperature resulting in a low emission yield, 
while below 77 K the emission yield is much higher due to higher energy 
barrier. The similarity of strong temperature-dependence fluorescence 
for IsiA aggregates from the PsaFJ-less and Ech-min strains suggests 
that echinenone is not involved in the quenching mechanism.

Such a strong temperature dependence emission yield was not 
observed in IsiA and cells where zeaxanthin is lacking. While for other 
strains there is 50% less emission yield between 5 K and about 25 K, 
for the cells and isolated IsiA from the Zea-min mutant the yield is half 
less between 5 K and about 80 K. The total emission yields decrease less 
strongly at increasing temperatures, which is most likely caused by a 
lower ability to quench the light energy for the Zea-min cells since they 
contain less IsiA. The temperature dependence emission yield is similar 
to cells grown under iron deficiency for few days as shown in the work of 
van der Weij-de Wit and collaborators (van der Weij-de Wit, Ihalainen 
et al. 2007). According to the emission spectra there is some PSI present 
in these cells even after long iron depletion and most likely it is bound 
to IsiA. The cells and isolated IsiA showed an evolution of the emission 
yield in function of the temperature more comparable to PSI, thus 
less pronounced than in IsiA aggregates, and thus similar to PSI-IsiA 
(Andrizhiyevskaya, Schwabe et al. 2002). The probable increase of the 
PSII to PSI ratio due to iron depletion might also influences the results 
since PSII displays a small change of the emission yield in function of 
the temperature compared to IsiA aggregates (Groot, Peterman et al. 
1994).

Differently to the Zea-min mutant, cells of the double mutant 
presented here have a strong temperature dependence of the emission, 
as observed for cells with a native carotenoid composition and Ech-min 
mutant where PSI is quasi absent. This can be explained by the lower 
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amount of PSI in the Ech/Zea-min mutant compared to the Zea-min 
strain (Figure 2-C). This difference is also observed for isolated IsiA but 
not as in cells probably because of the presence of free chlorophylls in 
this preparation (Figure 4-B) that contributes to the emission yield in 
isolated IsiA since free chlorophylls do not show a strong dependence of 
the fluorescence yield with the temperature.

3.7. Time-resolved fluorescence
The steady state results obtained can be confirmed by time-

resolved fluorescence measurements. Indeed, IsiA aggregates with a 
native carotenoid composition have a low emission yield and were also 
shown in earlier work to have a short average decay lifetime at room 
temperature estimated of about 144 ps (Ihalainen, D’Haene et al. 2005). 
Time-resolved fluorescence was measured with a Streak camera set up 
under similar conditions on an identical preparation and compared 
with IsiA aggregates having a different carotenoid composition. Several 
preparations have been measured that gave similar images on the Streak 
camera. The presented results correspond to samples that have been 
isolated with IEC and additionally with SEC (showed here above in 
Figure 3) as an extra purification to make sure that samples contain only 
large IsiA complexes.

To describe the decaying emission signals, a global analysis with 
a three components fit gave the best results. All IsiA preparations gave 
three fluorescence decay lifetimes in similar ranges (Table 3). A global 
analysis is sufficient to confirm the results obtained in the steady state 
measurements. The fluorescence decay traces all show a fast decay of the 
emission after ~100 fs excitation pulses of chlorophyll at 400 nm (Figure 
9-A).

Table 3: Fluorescence decay lifetimes of the different IsiA preparations 
measured at RT. Estimated error in the lifetimes of about 10%.

Lifetimes WT Ech-min Zea-min Ech/Zea-min

T1 54 ps (53%) 60 ps (51%) 46 ps (62%) 39 ps (76%)
T2 234 ps (40%) 291 ps (30%) 239 ps (22%) 268 ps (12%)
T3 4 ns (7%) 4.7 ns (19%) 4.9 ns (17%) 5 ns (12%)
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As in earlier publication the short lifetimes dominate the main 
decay phases. The average decay fluorescence lifetime obtained here for 
IsiA isolated from the WT and Ech-min mutant is of 131 ps and 146 ps 
respectively. The contribution of the lifetimes differs slightly between 
IsiA from the WT and from Ech-min but since they display similar CD 
spectra, we could assume that these differences are due to an inherent 
heterogeneity in the size of the aggregates and not to the difference in the 
carotenoid composition. Indeed there are small differences between the 
average lifetimes of IsiA aggregates with a native carotenoid composition 
obtained here and in other previous studies. The average lifetime of 144 
ps estimated with a 6 components fit by Ihalainen (Ihalainen, D’Haene 
et al. 2005), gave 165 ps with a 2 exponential fitting analysis but 115 ps 
was obtained with another sample preparation (van der Weij-de Wit, 
Ihalainen et al. 2007).

With IsiA aggregates isolated from the Zea-min and Ech/Zea-
min mutants we obtained slightly faster averages of the short lifetime 
components with 96 ps and 72 ps for IsiA from Zea-min and Zea/Ech-
min respectively. This difference can be explained by the presence of 
some PSI contamination visible in the Decay Associated Spectra (DAS) 
of the shortest lifetime, which is slightly red shifted and broader in the red 
region (Figure 9-B). Differently to the steady state, the preparations used 
for time-resolved fluorescence measurements have a PSI content in IsiA 
from the Zea-min mutant less pronounced than in the double mutant. PSI 
is most likely associated with IsiA to form various complexes as observed 
previously when IsiA is expressed (Kouřil, Arteni et al. 2005). The time-
resolved fluorescence PSI-IsiA from Synechocystis (Melkozernov, Bibby 
et al. 2003) and Synechococcus PCC 7942 (Andrizhiyevskaya, Frolov et 
al. 2004) has been earlier characterized and trimeric PSI surrounded by 
one IsiA ring showed an average fluorescence lifetime of about 40 ps, 
which is about twice longer than for trimeric PSI alone (Gobets, van 
Stokkum et al. 2001). The presence of some PSI-IsiA in the preparation 
IsiA aggregates will then compromise the analysis of the short lifetimes. 
It explains the 39 ps found for the first lifetime component in IsiA from 
Zea/Ech-min with its larger contribution, which is of 76% while it is 
of 53% and 51% respectively in IsiA of WT and Ech-min. Similarly for 
IsiA from Zea-min the first lifetime component is also influenced by the 
presence of PSI-IsiA complexes giving also a shorter lifetime. 
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Figure 9: A) Fluorescence decay traces at RT of the main band (675-
685 nm - wavelength range of 10 nm – excitation at 400 nm) of isolated 
IsiA aggregates from WT (black line), Ech-min (red), Zea-min (green) 
and Ech/Zea-min (blue) strains and B) their decay Associated Spectra 
(DAS) with in insert the DAS spectra normalized to their maximum for 
comparison of the three components. 
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The presence of PSI in some IsiA samples from Zea-min gave 
a large uncertainty of the emission yield (22+/-9% with 13% for the 
streak sample but 31% for the one used to measure emission at different 
temperatures). The temperature dependence of the emission yield for 
the Zea-min cells and resulting IsiA sample was also weaker compared 
to other samples. However the fluorescence lifetime measurement of all 
preparations from all strains give a good agreement with the second 
lifetime, which is quite similar and, as seen in the DAS spectra, does not 
correspond to the presence of some PSI (Figure 9-B).

For the fluorescence decay traces in the long time range (> 1 ns), 
the 3rd lifetime estimations correspond most probably to some slow 
equilibration with possibly a contribution of uncoupled chlorophylls, 
which is rather small since the maximum of the DAS spectra are all at 
678 nm similarly to the DAS of the shorter lifetimes indicating no blue 
shift towards the 670 nm emission of free chlorophyll. IsiA from the 
carotenoid mutants have long lifetimes of about 5 ns, while in the case 
of the WT it is slightly shorter with 4 ns. The short lifetime components 
with a contribution of 93% are dominant for WT IsiA. The contribution 
of the long lifetime component was slightly larger in IsiA from all 
carotenoid mutants. 

Differences in aggregates size or sample purity might influence the 
lifetimes obtained. A possible variation in size and presence of some PSI 
in the isolated IsiA preparations after SEC give results nevertheless that 
allow us to conclude that IsiA aggregates from the different carotenoid 
mutants studied here give similarly a fast fluorescence decay and are 
therefore all able to quench.

4. DISCUSSION 
4.1. A lack of zeaxanthin affects cell growth

When comparing the phenotypes from the strains studied in 
the present work, the growth of cells under normal conditions and 
iron depletion showed to be reduced when the crtR gene was deleted 
and therefore lacking zeaxanthin. The growth was slower and cultures 
turned brown due to probably additional carotenoid synthesis or a 
lower phycobilisomes and chlorophyll content. The cultures with 



81

Chapter II

crtO disruption had a similar phenotype to the wild type under iron 
depletion, showing no particular effect of echinenone absence. 

With similar carotenoid mutants but grown under normal 
conditions and then moved to high light, it was previously observed 
that cells showed a strong photoinhibition when devoid of zeaxanthin, 
in the Zea-min (ΔcrtR) mutant and the double mutant Ech/Zea min 
(ΔcrtRO) at a higher extent (Schäfer, Vioque et al. 2005). The Ech-min 
(ΔcrtO) mutant was not sensitive to high light intensity. Cells without 
zeaxanthin were also sensitive to photo-oxidation when treated with 
oxidative reagents, methyl viologen and methylene blue. 

We have observed under iron stress that IsiA is produced in all 
mutants studied but it is found in a lower amount, notably accumulated 
IsiA not bound to PSI, when zeaxanthin is lacking. Our results suggest 
the importance of this carotenoid in the cell growth and IsiA synthesis. 
A lower content in IsiA aggregates might explain the sensitivity of the 
cells in the absence of zeaxanthin to high light, oxidative stress or iron 
depletion.

Several mechanisms are involved for the cells to survive under 
stress conditions such as iron deficiency or high light. As one response 
IsiA is expressed. Under normal growth conditions, all cells with impair 
carotenoid synthesis, according to the cells emission spectra at 77 K, 
despite the stress that might be induced by the mutation, do not have 
IsiA synthesized. In the study of Schäfer and co-workers, cells without 
zeaxanthin suffer of photoinhibition after treatment with high light 
for 3-5 hours (Schäfer, Vioque et al. 2005). IsiA synthesis is triggered 
by specific conditions including high light but in the work of Havaux 
and co-workers IsiA was detected only after 8 hours of high irradiance 
(Havaux, Guedeney et al. 2005). In the early stage of iron stress IsiA is 
found surrounding PSI, where it acts as a light-harvesting antenna. The 
photo-protective role of IsiA occurs significantly in cells enduring stress 
for about more than 2 days, when cells accumulate IsiA in excess of the 
amount associated to PSI (Sandström, Ivanov et al. 2002, van der Weij-
de Wit, Ihalainen et al. 2007). After only 3-5 hours under high light no 
noticeable amount of unbound IsiA should be present in cells lacking 
zeaxanthin since it accumulates for photo-protection in a longer time 
scale than few hours in the WT and this especially since it was observed 
under iron stress, in a lower amount in this mutant.
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Photoprotection in cells exposed to high light conditions can 
occur via the soluble orange carotenoid protein OCP, which is known 
for its fluorescence quenching properties in response to high light stress 
(Wilson, Ajlani et al. 2006). Differently, IsiA quenching is not triggered 
by light as it is always in a quenched state and therefore does not need 
to be activated. OCP converts into an active form under blue-green 
light, and induces non-photochemical quenching (NPQ) involving 
phycobilisomes. In contrast with IsiA, OCP is always expressed and, even 
if light conditions and iron stress trigger a higher transcription level, it is 
involved in an instantaneous response to light stress. OCP binds mainly 
3’-hydroxy-echinenone but possibly also echinenone or zeaxanthin, 
which are produced from β-carotene through two pathways that involve 
both the crtO and crtR genes (Fernández-González, Sandmann et al. 
1997, Takaichi and Mochimaru 2007). However the function of OCP 
is altered in a mutant with the crtO deletion since echinenone and 
3’-hydroxy-echinenone (can not be synthesized but is replaced by 
zeaxanthin) is essential for its stability and activity (Punginelli, Wilson 
et al. 2009). The photoprotective role of OCP is therefore not occurring 
in mutants lacking the crtO gene (Ech- and Ech/Zea-min). Since, in 
the case of the mutation in the crtR gene, the function of OCP is not 
impair, the stress visible on the growth of cells without zeaxanthin and 
sensitivity to high light is not due to a malfunction of OCP. 

The High Light-Inducible Proteins (HLIP) have also shown to 
play a role in photoprotection (Havaux, Guedeney et al. 2003, Wang, 
Jantaro et al. 2008). In Synechocystis the synthesis of HliC, HliD has 
been observed under high light. However it seems that they bind only 
β-carotene so it is unlikely that the lack of zeaxanthin impair this 
mechanism of photoprotection (He, Dolganov et al. 2001). 

Cells grown under stress condition such as iron depletion 
accumulate carotenoids in the cell membranes (Ivanov, Krol et al. 2007). 
Carotenoids in the phospholipid bilayers can act as a screen to protect 
from sun radiations. Carotenoids are present in different membranes 
of the cell and in particular, a higher level of the zeaxanthin carotenoid 
embedded in the cytoplasmic membrane has been shown in cells grown 
under high light (Kana, Glibert et al. 1988, Masamoto, Zsiros et al. 1999, 
Schagerl and Müller 2006). The stress observed in cells in the absence of 
zeaxanthin could be explained by the photoprotective function of this 
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carotenoid that cannot be accumulated in the membrane. This type of 
photoprotective strategy in photosynthetic organisms might play a more 
important role than commonly considered. The role of carotenoid in the 
membrane has been demonstrated in high plants where zeaxanthin is 
found between the supercomplexes and acts a quencher (Xu, Tian et al. 
2015).

A lack of zeaxanthin showed to affect the growth rate of cells. 
Under normal conditions one probable reason could be the effect of this 
missing carotenoid on PSII since it contains also some zeaxanthin in 
Synechocystis (Tracewell, Vrettos et al. 2001). Carotenoids are essential 
for PSII synthesis and cells become more sensitive to light under 
carotenoid deficiency (Sozer, Komenda et al. 2010). However in the crtR 
mutant from previous studies the oxygen-evolving activity showed not 
to be affected (Lagarde and Vermaas 1999, Masamoto, Hisatomi et al. 
2004).

The remaining question is either the lack of zeaxanthin resulting 
on the lower ability of the cells to cope with iron stress or high light 
conditions is due to its effect on IsiA properties or on the carotenoid 
content in the thylakoid membrane. Therefore we have investigated the 
properties of IsiA aggregates and cells used for their isolation.

4.2. The carotenoid binding-sites in IsiA are not selective
In the pigment analysis presented here we use the earlier 

estimation of the chlorophyll content according to the contribution 
of IsiA (52%) in the PSI-IsiA Qy region of the absorption spectrum 
(Andrizhiyevskaya, Schwabe et al. 2002). We confirm previous results 
(Ihalainen, D’Haene et al. 2005), that if isolated IsiA binds 16 chlorophylls 
then 4 carotenoid molecules are present. It corresponds to a ratio of two 
β-carotene molecules for one echinenone and one zeaxanthin. Another 
chlorophyll estimation using similarly IsiA contribution from the PSI-
IsiA absorption has been published and gave different results with IsiA 
binding 13 chlorophyll molecules (Feng, Neupane et al. 2011). From our 
HPLC analysis it would then correspond to only about 3 carotenoids. 
The difference in these estimations is probably due to a difference in the 
cells growth (2 days in the work of Andrizhiyevskaya with Synechococcus 
and 21 days for Synechocystis used by Feng), resulting in different IsiA 
to PSI ratio of the isolated complexes since IsiA can form very variable 
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complexes with PSI (Kouřil, Arteni et al. 2005).
The pigment analysis of isolated IsiA shows that the carotenoid(s) 

that cannot be synthesized in the mutants studied here are replaced by 
other carotenoids present. Echinenone is almost exclusively replaced by 
β-carotene. In the case of the absence of zeaxanthin, this carotenoid is 
replaced in IsiA by echinenone and to a smaller extent by β-carotene. 
This could explain why in the preparations from the Ech/Zea-min double 
mutant most of the IsiA complexes have one carotenoid missing. Indeed 
it is possible that the binding site of zeaxanthin cannot be occupied solely 
by β-carotene when echinenone is lacking. However, the instability of 
the complex, in view of the higher amounts of free chlorophyll, indicates 
a loss of pigments that can also explain a lower carotenoid content. It is 
also possible that the replacement of both zeaxanthin and echinenone 
by solely β-carotene creates instability of the protein structure that 
induces a loss of one carotenoid. Indeed carotenoids are important for 
protein assembly as demonstrated in a mutant without carotenoids that 
was found to lack CP43 and most of the core antenna (Sozer, Komenda 
et al. 2010). 

In higher plants, the Light Harvesting Complex II (LHCII) 
complex has different type of carotenoids and shows selectivity of their 
binding sites (Croce, Weiss et al. 1999). In the case of IsiA, we can 
conclude that the binding sites for echinenone and zeaxanthin are not 
highly selective. 

4.3. Echinenone is not essential in IsiA quenching
IsiA aggregates and cells lacking echinenone showed similar 

fluorescence quenching properties to the wild type. This result seems 
to be surprising when the carotenoid involved in the light energy 
dissipation properties of IsiA was proposed to be echinenone (Berera, 
van Stokkum et al. 2009). The spectral properties of echinenone gave 
the best fit to the pump probe data. In another work, artificial dyads 
showed that the conjugated length of the carotenoid was related to its 
quenching properties (Berera, Herrero et al. 2006), and echinenone with 
12 conjugated double bonds versus 11 for zeaxanthin and β-carotene 
is therefore a better candidate. IsiA from the Ech-min mutant has 
echinenone mainly replaced by β-carotene. In this mutant with 
β-carotene substituting echinenone in its binding-site, cells and isolated 
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IsiA can quench with a similar efficiency to the wild type. 
There are several possible explanations of our results. β-carotene 

could replace echinenone as a quencher in a similar way because of its 
localization. Then the location of the carotenoid binding-site plays a 
more important role than the carotenoid itself. Another explanation is 
that the quencher is located elsewhere.

4.4. The role of Zeaxanthin in quenching
The Zea-min mutant allows the investigation of the importance of 

zeaxanthin molecule in IsiA quenching. Since cells without zeaxanthin 
showed a lower capacity to grow compared to the ones lacking 
echinenone, one can expected that this carotenoid play an important 
role for the synthesis and activity of some essential photosynthetic 
proteins. The IsiA content in the cells lacking zeaxanthin was lower 
relative to PSI, showing the possible role of this carotenoid in IsiA 
assembly. As a consequence isolated IsiA from Zea-min and Ech/
Zea-min contained some co-purification with PSI that influence their 
characterization. Nevertheless with all the different samples and results 
combined, especially the global analysis of fluorescence decay lifetimes, 
even if we lack precision in our data due to the inherent heterogeneity of 
IsiA aggregates, we are able to draw some conclusions.

The fact that IsiA in the Zea-min mutant contains all the 
carotenoid binding-sites occupied (replaced 2/3 by echinenone and 
1/3 by β-carotene) as in the Ech-min mutant and displays similar 
fluorescence lifetimes seems to show that the presence of zeaxanthin 
is not more important than echinenone for IsiA to be able to dissipate 
light energy.

Isolated IsiA of the double mutant is missing one carotenoid and 
since carotenoids play a role in the protein structure it is possible that it 
might be less stable. However, its quenching properties do not appear to 
be affected. It implies that the carotenoid binding site left empty is not 
essential for its quenching properties. Since echinenone replaces mainly 
zeaxanthin in IsiA of the Zea-min mutant, it could be hypothesized that 
the unoccupied binding site in IsiA of the Ech/Zea-min mutant is most 
likely the one of zeaxanthin, which is left empty because of the absence 
of echinenone.
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Despite the lack of purity of isolated IsiA from both Zea-min and 
Ech/Zea-min mutants, with the latest having most likely echinenone 
also functionally replaced by β-carotene as in the Ech-min mutant, we 
can conclude that zeaxanthin is also not essential in IsiA for its ability to 
dissipate light energy. 

Some additional investigations of the carotenoid mutants could 
bring information on their role in the energy transfer properties of IsiA 
associated with PSI, since IsiA function in light harvesting seems to 
involve also carotenoids (Berera, van Stokkum et al. 2010). Moreover, 
the further study of carotenoid deficiency in IsiA could help to identify 
their position. In addition to the models described using the crystal 
structure of its homolog CP43 (Bibby, Nield et al. 2001, Nield, Morris et 
al. 2003, Zhang, Chen et al. 2010, Feng, Neupane et al. 2011), the recent 
structure of the PSI-IsiA supercomplex by Toporik and co-workers 
(Toporik, Li et al. 2019) gives crucial information on the chlorophyll 
and carotenoid positions. The distance between pigments is important 
for energy processes to occur. The energy transfer of IsiA to PSI implies 
a close contact of both proteins and a short distance between the 
peripheral chlorophylls involved, which has been estimated of about 
10 to 14 Å (Andrizhiyevskaya, Frolov et al. 2004). The carotenoid(s) 
involved in IsiA quenching is shown to be sufficiently close to a 
chlorophyll molecule to dissipate its excitation as in CP43, which has 
two β-carotenes that are close enough to chlorophylls a to quench triplet 
states, while CP47 has three (Müh, Renger et al. 2008). The carotenoid(s) 
dissipating light energy from chlorophylls is unlikely located where IsiA 
is connected to PSI since energy transfer to the photosystem is very 
efficient and fluorescence losses were previously estimated to be of 2% 
in PSI-IsiA of Synechococcus (Andrizhiyevskaya, Frolov et al. 2004). 
The quencher could be peripheral as carotenoids in the CP43 and CP47 
homologues. Similarly, LHCII of high plants has, next to two luteins in 
the center that are essential for protein stability, the carotenoid involved 
in NPQ, zeaxanthin converted from violaxanthin under high light, is 
also peripheral.

4.5. Conclusion
The effect of mutations in the carotenoid biosynthesis with as 

a consequence the absence of echinenone and zeaxanthin has been 
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investigated on the synthesis and properties of the Iron Stress Induced 
protein A, IsiA. Cells are able to synthesize IsiA, which can still assemble 
in the membrane to form aggregates. Similarly for all strains studied 
IsiA aggregates displayed spectral properties showing that they are able 
to dissipate light energy. However, the lower growth in Zea-min mutants 
shows the importance of this carotenoid. Cells become also more 
sensitive to iron stress and, according to other work, additionally to 
high light (Schäfer, Vioque et al. 2005) when zeaxanthin is lacking. Since 
IsiA is the only quenching protein known to contain zeaxanthin and 
remains able to quench in its absence, our results support the hypothesis 
on the photoprotective role of zeaxanthin pigments accumulation in the 
membrane (Schagerl and Müller 2006, Xu, Tian et al. 2015). 

In strains with a single mutation the missing carotenoid molecule 
is replaced by others that are able to act as quencher. It suggests that 
the localization of the carotenoid dissipating chlorophyll excitation in 
IsiA aggregates is more important than the type of molecules present. 
Another possibility is that the carotenoid quencher is neither located 
at the binding site of echinenone nor zeaxanthin but where one or 
two β-carotene molecules are situated. Since β-carotene is essential 
for echinenone and zeaxanthin synthesis, to investigate the effect 
of the absence of this carotenoid in IsiA, the expression of IsiA and 
reconstitution with all pigments excepted β-carotene seems to be a 
possible strategy.
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ABSTRACT
In cyanobacteria the chlorophyll membrane protein IsiA 

(Iron stress-induced protein A) is found under iron stress 
conditions and is able to efficiently transfer energy to PSI when 
it forms a ring around this photosystem. IsiA also accumulates 
in empty ring-like structures forming two-dimensional 
aggregates that strongly quench excess of light energy. We have 
performed several detergent solubilizations of IsiA aggregates 
and thylakoid membranes to isolate IsiA monomers. We found 
that aggregates do not dissociate into intact monomers and that 
solubilization of thylakoids with the mild detergent n-dodecyl-
β,D-maltoside gave the best results, showing the presence 
of IsiA monomers in cells grown under iron-free conditions 
for three days. In comparison with IsiA aggregates that 
contain 4 carotenoids for 16 chlorophylls a (one echinenone, 
one zeaxanthin and two β-carotenes), monomers lack one 
β-carotene molecule. The spectroscopic characterization of the 
monomers shows reduced fluorescence quenching compared to 
aggregates. This modification of photoprotective properties can 
be explained either by the absence of the carotenoid involved 
in quenching or the effect of a structural change induced by 
aggregation and enhancing the probability that excitation 
energy reaches a quencher. 
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1. INTRODUCTION
For photosynthetic organisms the capacity of adaptation to the 

intensity of light is essential. They have developed light-harvesting 
proteins to efficiently funnel the light energy to the photochemical 
reaction center and at the same time regulate any excess of light to protect 
against the formation of deleterious reactive oxygen species (Horton, 
Ruban et al. 1996, Horton 2012). Cyanobacteria do not have chlorophyll 
containing membrane proteins acting as peripheral antenna but instead 
soluble giant complexes binding phycobilins, the phycobilisomes (Glazer 
1985). They transfer harvested light by binding to either photosystem II 
(PSII) or photosystem I (PSI) and regulate energy distribution between 
PSI and PSII through dissociation and association with the two types of 
photosystems. Phycobilisomes are also involved in energy dissipation 
via the orange carotenoid protein, OCP (Kirilovsky 2014).

Similarly in higher plants, LHCII, the Light Harvesting Complex 
of PSII, is able to efficiently transfer light energy to PSII and regulate 
the energy balance between photosystems by dissociation from PSII 
and association with PSI in a process called state transitions (Ruban 
and Johnson 2009). Under excess of light LHCII also regulates the light 
harvesting through aggregation (Horton, Ruban et al. 1991, Horton, 
Wentworth et al. 2005). LHCII monomers, trimers and aggregates have 
different quenching properties (Mullineaux, Pascal et al. 1993, Ruban, 
Dekker et al. 1995, Vasil’ev, Irrgang et al. 1997, Barzda, Gulbinas et al. 
2001, Pascal, Liu et al. 2005, van Oort, van Hoek et al. 2007, Magdaong, 
Enriquez et al. 2013, Enriquez, Akhtar et al. 2015).

In cyanobacteria, a particular membrane-protein, IsiA, the Iron 
Stress Induced protein A, has been found to also perform the two dual 
functions of light energy harvesting and dissipation. IsiA is synthesized 
under stress conditions such as iron deficiency (Ferreira and Straus 
1994), which often occurs in aquatic environments, or high light 
(Havaux, Guedeney et al. 2005), oxidative (Yousef, Pistorius et al. 2003, 
Li, Singh et al. 2004, Latifi, Jeanjean et al. 2005, Singh, Li et al. 2005) or 
salt stress (Hagemann, Techel et al. 1991, Fulda, Mikkat et al. 2006). This 
protein accumulates with the stress duration and is able to form various 
types of complexes. IsiA has been first observed in a ring of 18 subunits 
around a PSI trimer (Bibby, Nield et al. 2001, Boekema, Hifney et al. 
2001). IsiA can associate in single or double rings around PSI monomers 
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and trimers and can also form aggregates that are not connected to a 
photosystem (Yeremenko, Kouřil et al. 2004, Ihalainen, D’Haene et al. 
2005, Kouřil, Arteni et al. 2005). While IsiA acts as an efficient antenna 
for PSI when associated to this photosystem (Bibby, Nield et al. 2001, 
Melkozernov, Bibby et al. 2003, Andrizhiyevskaya, Frolov et al. 2004), 
the unbound IsiA has strong quenching properties (Ihalainen, D’Haene 
et al. 2005) even at low temperature (van der Weij-de Wit, Ihalainen et 
al. 2007). A mechanism involving chlorophyll energy dissipation via a 
carotenoid was earlier proposed (Berera, van Stokkum et al. 2009). 

Proteins organization in the thylakoid membrane plays an 
important role in energy regulation as it has been demonstrated in 
higher plants (Anderson and Andersson 1988, Dekker and Boekema 
2005, Caffarri, Kouřil et al. 2009). In cyanobacteria there are evidences 
of the possible formation of PSII rows (Mörschel and Schatz 1987) but 
little is known about membrane organization. When expressed, the 
presence of IsiA will have an influence on the complexes interaction and 
arrangement. The Fluorescence Recovery After Photobleaching (FRAP) 
technique has shown the mobility of IsiA compared to the motionless 
PSII (Sarcina and Mullineaux 2004).

In the present work IsiA in the monomeric form is isolated from 
the thylakoid membrane and compared to IsiA aggregates. Spectroscopic 
properties and pigment composition indicate that monomers lack one 
β-carotene and have weaker quenching properties. 

2. MATERIALS AND METHODS
2.1. IsiA isolation

 Cells of Synechocystis sp. PCC 6803 and, for IsiA aggregates 
isolation, of the psaFJ-min mutant of the same organism (Ihalainen, 
D’Haene et al. 2005) were grown at 30ºC in liquid BG11 medium under 
continuous illumination at a light intensity of 50 μmol photons m-2s-

1 in ambient air. Iron deficiency was achieved by inoculation of cells 
pre-grown in normal medium into 30 to 40-fold medium where iron 
was omitted. After growth for 3 to 20 days cells were harvested by 
centrifugation at 3,000 x g for 3 min, washed in mannitol buffer (0.3 
M mannitol, 10 mM Bis Tris pH 6.5, 10 mM NaCl, 5 mM EDTA) and 
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disrupted by French pressure cell press at 11,000 psi (7.6 x 107 Pa) after 
addition of a protease inhibitor cocktail (Sigma P8475). The thylakoid 
membranes were washed with a buffer of 10 mM Bis Tris pH 7.5 and 5 
mM MgCl2, containing 0.03% β-DM to remove the phycobilisomes and 
then resuspended in 10 mM Bis Tris pH 7.5 with 10 mM NaCl and 5 mM 
EDTA. The thylakoid membrane at 0.5 mg/ml chlorophyll a according to 
Porra (Porra, Thompson et al. 1989) was solubilized with 2% n-dodecyl-
β,D-maltoside (β-DM) or with 1% β-DM and 0.5% Triton X-100. After 
incubation for 20 min at RT the solubilized particles were separated by 
centrifugation at 13,000 rpm for 5 min. The solubilized material was 
purified by ion-exchange chromatography (IEC) with a Mono Q HR 
10/10 column (Pharmacia) equilibrated in buffer A (20 mM Bis-Tris pH 
7.5, 10 mM MgCl2, 1.5% taurine and 0.03% β-DM) and connected to a 
Shimadzu Class-VP 6.12 system running at a flow of 0.5 ml/min. A salt 
gradient with buffer B (20 mM Bis-Tris pH 6.5, 20 mM NaCl, 10 mM 
MgCl2, 0.5 M MgSO4, 1.5% taurine and 0.03% β-DM) was performed 
in steps. After 10 min in buffer A to elute unbound material, starts a 
gradient to buffer B to reach 25% in 10 min, then 50% of buffer B in 30 
min and few min at 100% after total elution.

Size exclusion chromatography was performed with a Superdex 
200 HR 10/30 (Pharmacia) equilibrated with buffer B containing less 
MgSO4 (20 mM Bis-Tris pH 6.5, 20 mM NaCl, 10 mM MgCl2, 15 mM 
MgSO4, 1.5% taurine and 0.03% β-DM) and running at 0.45 mL/min.

2.2. Pigment analysis
Pigment analysis was performed according to Gilmore (Gilmore 

and Yamamoto 1991) with some modifications. For this procedure, 
pigments were extracted with 80% acetone, centrifuged and loaded 
on a RP-HPLC-column (Lichrosorb C18, 10 micron, 250 x 4.6 mm), 
which was equilibrated in buffer A (85% acetonitrile 13.5% methanol, 
1.5% 0.2 M Tris/HCl (pH 7.3). After a 7 min isocratic run with a flow of 
1ml/min, a linear gradient of 3 min to buffer B (83.3% methanol, 16.7% 
n-hexane) is performed. The pigments were eluted from the column 
after an isocratic run for 40 min with buffer B. After this the column was 
rinsed with methanol for 5 min and again equilibrated with buffer A. 
The HPLC system was equipped with a diode-array optical absorption 
spectrophotometer, which allowed identification of the peaks in the 
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chromatogram by their absorption spectra.

2.3. Steady-state emission
For low-temperature emission measurements, the samples were 

diluted in 66% (v/v) glycerol adjusted to the same original buffer 
and to an absorbance of 0.1 at 680 nm. Temperatures of 4.2 K to 240 
K were obtained in a helium-bath cryostat. Fluorescence emission 
spectra were measured with a ½ m imaging spectrograph and a CCD 
camera (Chromex Chromcam I). The spectral resolution was ~ 0.5 
nm. Broadband excitation was provided by a xenon lamp and a 420 
nm interference filter (bandwidth of ~15 nm). The recorded emission 
spectra were corrected for the wavelength-dependent sensitivity of the 
detection system.

3. RESULTS
3.1. Stability of the IsiA complexes

Monomerization trials from IsiA aggregates were performed with 
several non-denaturing and non-ionic detergents. The mild detergent 
n-dodecyl-β,D-maltoside (β-DM) is commonly used to solubilize the 
thylakoid membrane and the even milder n-dodecyl-α,D-maltoside (α-
DM) allows partial solubilization of PSII membranes of higher plants to 
obtain supercomplexes (Boekema, van Roon et al. 1999). 

The addition of β-DM to isolated IsiA aggregates did not 
lead to their dissociation into smaller subunits (results not shown). 
Solubilization with 0.5% β-DM combined with the addition of lithium 
perchlorate (LiClO4) to a final concentration of 2 M also did not succeed 
to uncouple IsiA into its monomeric form (not shown). The association 
of the IsiA subunits is therefore quite stable. Indeed such treatment 
with β-DM and the chaotropic agent LiClO4 is able to separate the 
CP47 antenna from the RC in isolated CP47-RC from spinach (Dekker, 
Bowlby et al. 1989, Ghanotakis, de Paula et al. 1989) and with β-DM in 
high concentrations to remove the CP43 from isolated PSII (Ghanotakis, 
de Paula et al. 1989).

Trials of IsiA aggregates monomerization with low concentration 
of Triton X-100 such as 0.05% resulted in a large loss of pigments (not 
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shown). Isolation of monomeric IsiA from PSI-IsiA in Synechocystis 
PCC 6803 has been earlier performed by solubilization with 0.1% Triton 
X-100 (Bibby, Nield et al. 2001). The treatment of IsiA aggregates with 
Triton X-100 causes peripheral pigment losses since free chlorophyll 
is obtained. The isolation of the PSII-RC from the solubilization of 
the CP47-RC in green plants can be performed with Triton X-100 
(Nanba and Satoh 1987, Kwa, Newell et al. 1992). However compared 
to treatment with LiClO4, the pigment composition of the RC isolated 
with Triton is different with the loss of one β-carotene (Eijckelhoff, van 
Roon et al. 1996).

Salt treatment can also be used to separate protein subunits 
as in the case of the extrinsic 33 K subunit and the Mn-cluster from 
PSII (Aoki, Ideguchi et al. 1986, Camm, Green et al. 1987, Dekker, 
Bowlby et al. 1989, Ghanotakis, de Paula et al. 1989). In Synechococcus 
PCC 7942, salt seems to be able to release IsiA monomers from PSI-
IsiA. The isolation of PSI-IsiA by anion exchange using about 200 mM 
MgSO4, followed by hydrophobic interaction chromatography (HIC) 
with addition of 1.5 M (NH4)2SO4 final concentration resulted in the 
weakening of interactions within the protein complexes and release of 
some IsiA monomers during the last purification step by size exclusion 
chromatography (SEC) (Andrizhiyevskaya, Schwabe et al. 2002). It is 
possible that PSI-IsiA complexes are less stable than IsiA aggregates. 
We can conclude that IsiA aggregates and PSI-IsiA supercomplexes are 
quite stable, do not disassemble with mild solubilization but disintegrate 
upon solubilization with stronger detergents.

3.2. Isolation of monomers from thylakoid membranes
Since intact IsiA monomers cannot be obtained from isolated 

IsiA aggregates or PSI-IsiA with mild detergent, another approach is 
considered. In the early stage of iron stress the expression of IsiA is low 
and the presence of IsiA monomers in the thylakoid membrane is more 
likely and should be investigated. 

Solubilizations of a thylakoid preparation from cells grown under 
iron depletion for 3 days were performed with several detergents for 
comparison with the mild detergent β-DM. The solubilized membrane 
components from all trials were separated by size exclusion with a 
Superdex 200 HR equilibrated in 20 mM Bis-Tris pH 6.5, 20 mM NaCl, 10 
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mM MgCl2, 15 mM MgSO4, 1.5% taurine and 0.03% β-DM. The resulting 
chromatograms are compared by normalization on the first eluted peak 
corresponding to large complexes to visualize the dissociation into 
smaller fractions where IsiA monomers should be present (Figure 1-A). 
Solubilization with several detergents gives chromatograms that when 
plotted together show different profiles. However each component has 
a specific retention time corresponding to its size and can be already 
identified by its absorption spectrum at room temperature with the 
on-line diode array detector (Figure 1-B). Through solubilization, 
the detergent binds to the membrane protein and forms a layer that 
increases its size. Even if solubilization with several detergents do not 
result in identical protein-detergent sizes (Dekker, Boekema et al. 1988), 
the resulting differences are smaller than the differences between the 
overall size of the various solubilized membrane complexes so that it 
is possible to compare the chromatograms obtained and identify the 
different eluted components. For all solubilizations IsiA associated in 
aggregates or in PSI-IsiA complexes has clearly a much larger size and 
earlier retention time than in their dissociated monomeric form.
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Figure 1: A) Chromatograms, normalized at the first elution peak, 
of detergent-solubilized membrane proteins separated by SEC after 
thylakoid solubilization with different treatments. The arrows show 
the fractions taken for emission measurements. B) Absorption at RT 
of complexes from solubilizations of large fractions (spectra up left), 
fractions eluted at 22 min (up right), around 27-28 min (down left) and 
30 min (down right) measured with the on-line diode array detector. 
C) Emission spectra at 77 K with excitation at 420 nm and normalized 
for comparison of thylakoid membranes (black line) and fractions from 
SEC eluted at 22 min from β-DM solubilization (red), at 27.5 min from 
1% triton (blue) and at 31 min from LDAO solubilization (green).
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3.2.1. N-dodecyl-β,D-maltoside detergent
Solubilization with β-DM has been performed earlier on 

thylakoid membranes from cells grown under various iron depletion 
durations and results in large fractions separated by SEC that have 
been well characterized. Notably in the early stage of iron depletion the 
cells contain IsiA mainly encircling PSI trimers in ring of 18 subunits 
as previously observed by EM (Bibby, Nield et al. 2001, Boekema, 
Hifney et al. 2001). Under prolonged stress, IsiA expression is increased 
in response to the strong decrease of PSI. As a result, various larger 
complexes are found with IsiA forming double rings around PSI, also 
around PSI monomer and IsiA complexes without PSI (Yeremenko, 
Kouřil et al. 2004, Kouřil, Arteni et al. 2005). After more than 5 days 
IsiA aggregates are the main chlorophyll containing proteins in the cell 
(Ihalainen, D’Haene et al. 2005). The presented solubilizations were all 
performed on a preparation of thylakoid membranes isolated from cells 
grown under 3 days of iron depletion that contain both PSI-IsiA and 
IsiA aggregates as showed by their emission spectrum measured at 77 K 
(figure 1-C) that displays the highest peak at 720 nm with an additional 
peak at 683 nm, corresponding to mainly PSI and some unbound IsiA 
respectively. IsiA, when associated to PSI, has a very low emission since 
it transfers light energy to PSI (Andrizhiyevskaya, Schwabe et al. 2002, 
Melkozernov, Bibby et al. 2003, Melkozernov, Barber et al. 2006), while 
it is not the case in IsiA aggregates that emits at 683 nm (Ihalainen, 
D’Haene et al. 2005). Additionally some contribution at 683 nm with a 
shoulder slightly visible at 695 nm can be attributed to PSII. A similar 
emission spectrum was measured earlier at 5 K on cells after short iron 
stress (van der Weij-de Wit, Ihalainen et al. 2007). 

The SEC chromatogram from solubilization with β-DM presented 
here displays 4 main peaks (figure 1-A). The first one at 18 min absorbs 
at 673 nm in the Qy of chlorophyll (figure 1-B) and corresponds to the 
biggest complexes, which similarly to earlier work can be identified 
as a mixture of IsiA aggregates with absorption at 672 nm (Ihalainen, 
D’Haene et al. 2005) and PSI-IsiA absorbing more in the red due to PSI 
presence and possibly forming complexes with various sizes as earlier 
described (Yeremenko, Kouřil et al. 2004, Kouřil, Arteni et al. 2005). 
While in cells grown with iron PSI is present in trimers and monomers, 
in cells grown under iron depletion for 3 days, PSI is mainly associated 
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with IsiA to form larger complexes. We should note that iron stress 
induces the monomerization of PSI, which is normally mainly found 
in trimeric form (Ivanov, Krol et al. 2006). The second peak at about 
22 min contains pigments proteins absorbing at 674 nm in the Qy and 
most probably PSII with additionally some phycobilisomes absorbing at 
620 nm, which elute mainly at 25 min. The emission at 77 K measured 
on this fraction eluted at about 22 min shows 3 emission bands at 
640 nm, 683 nm with an additional shoulder at 695 nm and 720 nm, 
corresponding to respectively phycobilisomes, PSII and PSI (figure 1-C). 
It suggests the presence of some PSI in monomeric form not associated 
with IsiA. Additionally the chromatogram shows a third peak at about 
27.7 min that absorbs at 670 nm and can be assigned to IsiA in the 
monomeric form as shown by analyses described further. At last when 
the solubilization is performed with concentrations of 2% β-DM a small 
peak eluted at about 29-30 min can be assigned to released pigments as 
carotenoids and chlorophyll a molecules. 

We can conclude that the solubilization of thylakoid membranes 
from cells grown under iron depletion for 3 days with the β-DM detergent 
seems to be able to lead to a fraction of IsiA with most probably the size 
of monomers and with a significant yield.

3.2.2. Zwitterionic detergents
Differently to the nonionic β-DM detergent that disrupts mainly 

protein-lipid or lipid-lipid interactions, zwitterionic detergents have a 
positive and negative charge in their hydrophilic head group and can 
disrupt protein-protein interactions. The use of 2% SB3-10 (Zwittergent 
3-10) and 2% CHAPS (3-[(3-Cholamidopropyl)-Dimethylammonio]-
1-Propane Sulfonate]) result in similar chromatograms (figure 1-A) 
with at first a dominating peak eluting at about 17 min, which is earlier 
than in other solubilizations. 

The chromatogram obtained with 2% SB3-10 has a main peak at 
17 min and 2 small ones at 22 min and 28 min, which absorb at 674.5 
nm, 678 nm and 670 nm respectively with additionally phycobilisomes 
eluting mainly at 25 min. With 2% CHAPS the absorption maxima in 
the Qy of the peaks at 17 and 22 min are different, at 673 nm and 674 
nm respectively. Similarly at 25 min mainly phycobilisomes are eluted. 
The small peak around 28 min obtained with SB3-10 is barely visible 
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with CHAPS. It can be assigned to either micelles of free pigments or 
to IsiA monomers. The fractions corresponding to large components, 
bigger than the largest PSI-IsiA complexes or IsiA aggregates obtained 
with β-DM, could contain small membrane fragments that have not 
been fully solubilized or connected large complexes. With 2% SB3-10 
the absorption of the fractions with the largest solubilized components 
indicates a slight dissociation of IsiA from PSI and as a consequence the 
smallest fraction has a higher absorption than with 2% CHAPS, which 
does not seem to be able to dissociate IsiA from large complexes. 

LDAO (Lauryldimethylamine oxide) is also a zwitterionic 
detergent and is used to solubilize the ring formed by the light harvesting 
antenna into subunits in purple bacteria (Picorel, Bélanger et al. 1983, 
Ghosh, Hauser et al. 1988). Solubilization is investigated with 1% LDAO 
and it does not allow the isolation of the large complexes PSI-IsiA, IsiA 
aggregates since, next to the main peak at 29.3 min, only a two-fold 
smaller peak at 22.3 min is found (figure 1-A). As this 22.3 min peak 
has a maximum in the Qy of 678 nm, it corresponds most probably to 
mainly PSI trimers or monomers. The absorption of the main peak at 
29.3 min is compared with other peaks eluting at 27-28 min (figure 
1-B). Since the micelle size of LDAO is smaller than with β-DM it could 
correspond to IsiA monomers but the emission measured at 77 K of the 
fraction eluted around 31 min emits at 675 nm and then most likely 
contains large amounts of free chlorophyll a (figure 1-C). 

We conclude that from the three zwitterionic detergents tested, 
CHAPS is not able to produce a significant amount of IsiA monomers, 
and that LDAO leads to the formation of many free chlorophylls and 
thus to disrupted monomers. The best zwitterionic candidate is SB3-
10, if we can confirm that the presence of IsiA monomer in the isolated 
small components.

3.2.3. Other nonionic detergents
IsiA monomers could possibly also be isolated by solubilization 

with 2% OG (n-Octyl-β-D-glucopyranoside). OG is able to solubilize 
the light harvesting antenna in purple bacteria (Miller, Hinchigeri et 
al. 1987, Parkes-Loach, Sprinkle et al. 1988). The SEC chromatogram 
resulted in the elution of 4 peaks. The first one at 18 min has the highest 
chlorophyll absorption with a maximum in the Qy at 673 nm and is 



101

Chapter III

followed by a shoulder at 19 min with similar absorption. At 21.5 min 
eluted another component with absorption at 675 nm. A small peak 
eluted at 27 min and with a maximum of absorption at 669 nm could 
correspond to some IsiA monomers with some free pigments. This peak 
related to the first one of large components has much lower absorption 
and also a lower concentration than with solubilization performed with 
2% β-DM. So, compared to solubilization with 2% β-DM, OG is less 
attractive.

The chromatogram obtained from treatment with 1% Triton 
X-100 gives 4 peaks at 19.5, 22, 27.3 and 30 min (Figure 1-A). Compared 
to solubilization with other detergents, the peak eluting at about 27 min, 
relative to the normalization to the first peak, has the highest absorption. 
Triton X-100 seems to dissociate nearly all IsiA subunits from PSI-
IsiA and aggregates complexes, as according to the chromatogram, the 
largest complex elutes at 19.5 min instead of 18 min with β-DM and 
with an absorption maximum at 679 nm in the Qy can be assigned to 
PSI. It is followed by PSII eluting at 22 min because of its absorption 
maximum at 674 nm (figure 1-B). The fraction eluted at around 27 min 
corresponds to IsiA monomers, similarly to the isolation with β-DM 
as it can be identified by its maximum emission at 77 K at 682 nm 
comparable to IsiA aggregates (figure 1-C). The addition of β-DM to 
Triton X-100 gave a similar chromatogram with very similar absorption 
spectra of solubilized components.

We can conclude that the mild solubilization with β-DM results 
in the isolation of IsiA monomers from the thylakoid membranes, while 
the use of Triton or SB3-10 dissociated IsiA from large complexes. The 
highest yield of IsiA monomers was obtained by solubilization with 
a mixture of 1% β-DM and 0.5% Triton X-100. The fractions of IsiA 
monomers obtained by treatment with β-DM only or combined with 
1% Triton X-100 showed the same absorption spectra and will be further 
compared, since one preparation results in native monomers from the 
thylakoid and the other one from dissociation of large IsiA complexes 
as earlier shown (Bibby, Nield et al. 2001, Andrizhiyevskaya, Schwabe 
et al. 2002).

To obtain a sufficient amount of sample for further characterization, 
IsiA monomers were isolated by Ion Exchange Chromatography 
(IEC). A typical resulting chromatogram is shown in Figure 2-A after 
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solubilization with 2% β-DM. The first peak at 2.5 min corresponds to 
unbound components like free pigments. After a gradient of MgSO4 is 
applied, 5 peaks elute at 22.1 min, 25.6 min, 29.6 min, 43.9 min and 
48.5 min that can be assigned with their absorption (figure 2-B) and 
emission at 77 K (not shown) to IsiA monomers, phycobilisomes, PSII, 
PSI-IsiA and IsiA aggregates, respectively. The elution of the monomers 
by IEC performed with an anion exchange column (Mono Q HR 10/10, 
Pharmacia) is drastically different than for the IsiA oligomers. In a buffer 
at pH 7.5 they elute first with 20 mM MgSO4, while aggregates neede 
about 200 mM of salt and elute at last. Since aggregates bind much more 
to the column than the monomers, aggregates are much more negatively 
charged than the monomers. Monomers have a different ionic strength 
that can be explained by different regions of the protein exposed to the 
solvent compared to aggregates. The monomeric form could also have a 
different conformation than aggregates that induces exposure of protein 
regions with different charges.

The isolation of IsiA in the monomeric form raises questions 
about its presence relative to the aggregates in the thylakoid membrane. 
From the chromatogram of monomers isolation with the mild β-DM 
detergent from cells grown for 3 days under iron depletion performed 
by SEC and IEC we can estimate the peak area in the Qy of monomers 
to be of about 10% (isolation with IEC) to 25% (isolation with SEC) of 
the total amount of IsiA including the aggregated form and PSI-IsiA. 
The monomeric form of IsiA is present in a lower amount than in the 
aggregated or ring forms. The amount of monomers found is not the 
consequence of subunits detachment from some complexes by detergent 
since the solubilization with β-DM is too mild to solubilize aggregates 
according to the monomerization trials described here. After short iron 
starvation monomers are found to be more present than after long iron 
stress when compare to the total amount of chlorophyll containing 
proteins obtained after isolation from those two types of cells (data not 
shown). After prolonged iron stress IsiA presence is so high that it forms 
solely aggregates.

3.3. IsiA monomers lack one carotenoid
The absorption spectrum of IsiA monomers recorded at room 

temperature by comparison with IsiA aggregates displays differences in 
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Figure 2: A) Chromatogram at 675 nm of solubilized thylakoid 
membranes proteins separated by IEC after thylakoid solubilization 
with in red and in the right axis the percentage of 0.5 M MgSO4 salt. B) 
Absorption in the Qy normalized of all peaks from the IEC. The unbound 
material is eluted after sample injection (2.5 min). The first peak (22.1 
min) eluted with the gradient corresponds to IsiA monomer.
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the region of the carotenoids and the Qy of chlorophyll a (Figure 3). 
When normalized in the Qy IsiA monomers have a lower carotenoid 
absorption than aggregates. By comparison to PSI and PSI-IsiA, a lower 
carotenoid absorption band was also previously observed for monomeric 
IsiA isolated by SEC from Synechococcus PCC 7942 (Andrizhiyevskaya, 
Schwabe et al. 2002). Additionally, in Synechocystis sp. PCC 6803, as 
similarly earlier observed with another isolation procedure (Bibby, Nield 
et al. 2001), the absorption of IsiA monomers in the Qy region peaks 
at 670 nm and is therefore blue-shifted compared to IsiA aggregates 
absorbing at 672 nm. In Synechococcus PCC 7942 IsiA monomers 
displayed a maximum in the Qy at 669 nm (Andrizhiyevskaya, Schwabe 
et al. 2002).

Pigment analysis was performed to confirm the different carotenoid 
content observed in the absorption of IsiA monomers compared with 
aggregates. After injection through the column myxoxanthophyll, 
β-cryptoxanthin, zeaxanthin, chlorophyll a, echinenone and trans and 
cis-β-carotenes were eluted in respective order (Figure 4). 

IsiA monomers isolated from solubilization with 2% β-DM or 
with 1% β-DM combined to 0.5% Triton X-100 gave similar pigments 
composition indicating that both isolation procedures give similar 
protein preparations (Table 1). The pigment analysis gives, assuming the 

Figure 3: Absorption spectra at RT normalized in the Qy region of IsiA 
aggregates (black line) and monomers (red line).
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Figure 4: HPLC of pigments from IsiA, normalized to the maximum 
absorption of β-carotene in aggregates (upper panel, black line) and 
to the corresponding relative ratio of β-carotene in IsiA monomers 
isolated with 2% β-DM (lower panel, red line).

presence of 16 chlorophylls a per IsiA monomer, on average a total of 
about 3.2 carotenoids: 0.3 myxoxanthophyll, 0.25 β-cryptoxanthin, 0.7 
zeaxanthin, 0.75 echinenone and 1.2 β-carotene molecules. Zeaxanthin 
is eluted with another carotenoid that has a spectrum similar to the one 

Table 1: HPLC results of pigments extracted from isolated IsiA 
monomers with 2% β-DM and with a mixture of 1% β-DM and 0.5% 
Triton X-100 (T) compared to IsiA aggregates (standard deviation of 
+/-0.1).

Pigments Monomers β-DM Monomers T Aggregates
Chlorophyll a 16 16 16
Myxoxanthophyll 0.3 0.25 0.1
β-cryptoxanthin 0.25 0.25 0.2
Zeaxanthin 0.8 0.6 0.9
Echinenone 0.7 0.8 0.8
β-carotene 1.1 1.3 2.2
TOTAL 
carotenoid

3.15 3.2 4.2
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of echinenone but corresponds to β-cryptoxanthin, the precursor of 
zeaxanthin (Masamoto, Misawa et al. 1998). 

Similarly to earlier HPLC pigment analysis IsiA aggregates contain 
for 16 chlorophylls a about 4 carotenoid molecules, one zeaxanthin, 
one echinenone and two β-carotenes (Ihalainen, D’Haene et al. 2005). 
The carotenoids content in IsiA monomers is then lower compared to 
IsiA aggregates. The pigment analysis confirms the difference in the 
carotenoid region observed by comparison of the absorption spectra. 
One carotenoid is missing on average, predominantly a β-carotene, if 
we assume that no chlorophylls a are lacking. Nevertheless, a lower 
chlorophyll content in IsiA monomers can not be discarded. If one or 
more chlorophyll is missing the carotenoid content is then even lower. 

3.4. Fluorescence quantum yield
The fluorescence quantum yield at room temperature was 

compared between IsiA aggregates and monomers. IsiA aggregates 
have a low emission quantum yield. It was estimated in earlier work to 
be of about 2% compared to that of free chlorophyll a in 80% acetone, 
when removing the contribution of free chlorophyll present in the IsiA 
preparation (Ihalainen, D’Haene et al. 2005). Differently IsiA monomers 
have a much higher emission yield that is about 30% compared to the 
quantum yield of free chlorophyll in 80% acetone (Table 2) but is almost 
similar to the values found earlier for the IsiA homologues, CP43 and 
CP47 isolated from PSII of higher plants (Groot, Peterman et al. 1995, 
Groot, Frese et al. 1999). The amount of free chlorophylls that can be 
found in isolated membrane proteins was estimated of 2-3 % from 
both emission spectra at 5 K of IsiA oligomeric and monomeric forms 
(from the emission peaking at 670 nm, Figure 5). Few percent of free 
chlorophyll in IsiA aggregates preparation gives a strong contribution 
to the emission yield at room temperature due to the low yield of these 
complexes. Similarly to earlier work, this contribution can be estimated 
to about 50%, resulting in an emission yield of 2% for IsiA aggregates 
relative to free chlorophyll in 80% acetone (Ihalainen, D’Haene et al. 
2005). For IsiA monomers the free chlorophyll contribution is lower 
and can be estimated to about 10% with a sample containing about 3% 
of free chlorophyll. It results in a fluorescence quantum yield of about 
30% relative to the yield of free chlorophyll in 80% acetone.
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Table 2: Fluorescence quantum yield at RT with 400 nm excitation 
and normalized to the same absorption in the Qy region of isolated 
IsiA aggregates and monomers relative to free chlorophyll a in 80% 
acetone. The absolute quantum yield is obtained by assuming that 
the fluorescence quantum yield of free chlorophyll is 30% in acetone 
(Weber and Teale 1957). For comparison, fluorescence yields of CP43 
at 260 K (Groot, Frese et al. 1999) and CP47 at 270 K (Groot, Peterman 
et al. 1995).

Fluorescence quantum yield Aggregates Monomers CP43 CP47

Relative to Chl a 2% 30+/-1% 20% 24%

Absolute yield 0.6% 9+/-0.3% 5% 6%

3.5. Emission at cryogenic temperature
The emission of both IsiA monomers and IsiA aggregates was 

measured at 5 K upon nonselective excitation at 420 nm. While at room 
temperature the emission spectra are similar (data not shown), at 5 K 
there are visible differences (Figure 5). IsiA in the monomeric form 
peaks at 682 nm with a fwhm of 8.8 nm and is blue-shifted of 4 nm 
compared to the aggregates, which have a narrower emission band of 
a fwhm of 6.3 nm peaking at 686 nm. Isolated IsiA monomers from 
Synechococcus gave similar emission at 5 K but with a slightly broader 
peak with a fwhm of 9.8 nm (Andrizhiyevskaya, Schwabe et al. 2002).

Figure 5: Emission spectra at 5 K with excitation at 420 nm of IsiA 
aggregates (black line) and monomers (red line).
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Figure 6: A) Temperature dependence emission spectra with excitation 
at 420 nm of IsiA aggregates and B) IsiA monomers. C) Integrated 
emission intensities as a function of temperature of IsiA aggregates 
(black dots) and monomers (red dots). D) Differences in maxima of 
emission peaks with temperature for IsiA aggregates (in black) and IsiA 
monomers (in red).
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3.6. Temperature dependence emission
The emission yield of isolated IsiA aggregates and monomers 

was also measured at different temperatures (Figure 6-A and 6-B). 
The difference in emission maximum between IsiA aggregates and 
monomers is of 1.5 nm at room temperature with IsiA aggregates peaking 
at 678.5 nm compared to monomers at 677 nm, while it is of 4 nm at 5 
K (Figure 6-D). The emission spectrum of IsiA aggregates shows a blue 
shift of 7 nm between room temperature and 5 K, as described earlier 
(Ihalainen, D’Haene et al. 2005). By comparison the emission maximum 
of IsiA monomers is also blue shifted but only of 5 nm between room 
temperature and 77 K. Differently than for aggregates it remains similar 
between 5 K and about 77 K.

Compared to the emission of free chlorophyll a, which yield 
does not change with the temperature, IsiA monomers showed a linear 
emission yield evolution with a higher yield at cryogenic temperatures 
(Figure 6-C). It is proportionally increasing when the temperature is 
decreased. Similar results with IsiA monomers were obtained in a 
previous comparison of IsiA with PSI-IsiA from Synechococcus PCC 7942 
(Andrizhiyevskaya, Schwabe et al. 2002). The temperature dependence 
of the fluorescence yields of monomers is different compared to IsiA 
aggregates that show a strong temperature dependence. IsiA when 
aggregated has a low emission yield at high temperatures but the yield 
increase strongly at temperatures close to 5 K, when it is harder to reach 
the quencher. 

4. DISCUSSION
4.1. Presence of IsiA monomers in the thylakoid membrane

The preparation of IsiA monomers from the thylakoid membrane 
from cells grown in an iron free medium gave better results than when 
obtained from purified IsiA associated with PSI and IsiA aggregates. 
Treatment with Triton X-100 is able to disassemble isolated IsiA 
aggregates, PSI-IsiA complexes and solubilize the thylakoid membrane 
with the dissociation of almost all PSI-IsiA and IsiA aggregates but it 
results in the extraction of a large amount of pigments as it has more 
disruptive effects compared to DM. When triton X-100 is combined 
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with β-DM, a non-denaturing and non-ionic detergent, the membrane-
solubilized proteins are more intact and as a consequence much less 
free pigments are found. IsiA monomers obtained by solubilization of 
the thylakoid membrane with 1% β-DM and 0.5% Triton X-100 resulted 
in IsiA monomers with a similar pigments composition than when 2% 
β-DM was used. However the addition of Triton X-100, if leading to a 
higher yield in IsiA monomers, seems to give less stable IsiA monomers. 
Indeed upon freezing some free chlorophylls are released (data not 
shown). Other detergents were investigated but the best results are 
obtained with β-DM. 

Since PSI-IsiA complexes and especially IsiA aggregates seem 
very stable and do not dissociate by treatment with the mild detergent 
β-DM, we can conclude that IsiA in the monomeric form is present 
in the thylakoid membrane. The presence of IsiA monomers seems to 
decrease with the iron stress duration probably because IsiA is present 
in such high amount that due to its tendency to aggregate, it forms large 
oligomers.

4.2. Lack of carotenoids in IsiA monomers
The carotenoids composition of IsiA monomers differs from 

IsiA aggregates. IsiA monomers compared to aggregates show a lower 
carotenoids composition, which is visible in the absorption spectra. The 
pigments analysis indicates that the monomeric form of IsiA lacks about 
one β-carotene compared to IsiA in aggregates. The binding of this 
carotenoid compared to the three other ones present in IsiA is possibly 
more labile since the treatment with mild detergent to solubilize the 
membrane seems to result in its removal. It then indicates that the missing 
carotenoid is most probably localized at the periphery in the membrane 
region of the protein. Since IsiA monomers obtained from isolated PSI-
IsiA by other work (Bibby, Nield et al. 2001, Andrizhiyevskaya, Schwabe 
et al. 2002) have similarly a lower carotenoid absorption, the missing 
carotenoid is possibly localized at the interaction between IsiA subunits 
or IsiA and PSI.

Carotenoids are lipophilic molecules that bind to the protein 
scaffold by hydrophobic interactions and, or hydrogen bonds. They 
play an important role in the structure of photosynthetic proteins. In 
higher plants the change of the carotenoid violaxanthin to zeaxanthin 
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is responsible for the aggregation of the main light harvesting protein, 
LHCII (Horton, Ruban et al. 1996). Similarly the lack of a carotenoid 
in IsiA monomers might induce a conformational change induced 
by the loss of one or more hydrogen bond. Indeed the ionic charge of 
monomers showed to be different than aggregates when separated by 
IEC, which might be the result of a different conformation resulting on 
a lower exposure of the surface charges. Whether IsiA monomers lack 
a carotenoid in the thylakoid membrane or the detergent solubilization 
induces a loss remains to be elucidated. Since aggregates and IsiA ring 
around PSI are an assembly of monomers, either 4 carotenoids are 
present in vivo or the missing carotenoid is integrated during complexes 
association.

4.3. IsiA monomers quench less than aggregates
Isolated IsiA monomers have a much higher emission yield than 

aggregates. The reduced fluorescence quenching property of monomers 
compared to aggregates can be explained by several hypotheses.

A lower quenching property might be due to the loss or absence of 
about one carotenoid. Our results then support earlier evidences showing 
the role of carotenoids in the quenching properties of IsiA (Berera, van 
Stokkum et al. 2009). In a previous work (Chapter II of this thesis), IsiA 
synthesized by mutants with deficiencies in carotenoid biosynthesis was 
able to form aggregates and the quenching properties were investigated. 
Two mutants crtO-less, deficient in the synthesis of echinenone, and 
crtR-less, deficient in zeaxanthin, had IsiA with 4 carotenoid molecules, 
meaning that the other expressed carotenoids were able to replace the 
missing pigment. However in a mutant missing both echinenone and 
zeaxanthin, the presence of only β-carotene was not sufficient to replace 
all carotenoids absent. The empty carotenoid binding site corresponds 
most probably to the one for zeaxanthin. Indeed when absent it is mainly 
replaced by echinenone and less by β-carotene, while when echinenone 
is absent, it is replaced by β-carotene. Despite a carotenoid deficiency 
all these mutants were able to quench even when having IsiA with only 
three β-carotene molecules instead of the original four. It shows that the 
quencher is not localized at the echinenone or zeaxanthin binding sites. 
The absence of β-carotene could not be investigated but from the results 
obtained with IsiA monomers, we could hypothesize that the quencher 
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is a β-carotene localized at a peripheral binding site.
The absence of a β-carotene in IsiA monomers might also 

induce a structural difference that influences the quencher compared 
to aggregates and modifies the capacity of monomers to dissipate light 
energy. A structure difference of the protein due to the change in the 
oligomeric state could also solely be responsible for the lack of quenching 
properties in IsiA monomers. 

It is also possible that the probability to be in a quenched state 
in IsiA monomers is lower than in aggregates. It was demonstrated 
in LHCII that at the single molecule level intermittent quenched and 
unquenched states exist (Krüger, Novoderezhkin et al. 2010). When 
the aggregation size increases, the probability to reach a quencher 
will increase significantly because excitations can travel very quickly 
among many monomers. This migration also explains the red-shift 
and narrowing of the low-temperature emission spectra of aggregates 
compared to monomers also observed upon oligomerization (Peterman, 
Hobe et al. 1996).

4.4. Role of IsiA monomers in the thylakoid membrane
The presence of monomers in the thylakoid solubilization brings 

interrogations about their function. The regulation of light energy 
through different states of aggregation of IsiA could be postulated 
since under iron limitation the cells have a reduced amount of 
phycobilisomes, which under normal conditions play this function. It 
could be hypothesized that IsiA acts in energy regulation in a similar 
way to LHCII of plants, the state of aggregation regulating the quenching 
and light harvesting. However in the early stage of iron depletion IsiA 
is mostly found associated to PSI according to the emission spectra of 
cells. After about 3 days under iron limitation cells have an emission 
spectra and emission yield at low temperatures indicating the presence 
of mainly IsiA aggregates (van der Weij-de Wit, Ihalainen et al. 2007). 
A significant presence of IsiA monomers is then not conceivable. IsiA 
monomers are then most probably involved in IsiA complexes formation 
and appear in this form mostly during short-term iron stress due to 
their diffusion in the crowded thylakoid membrane.

The role of IsiA monomers in state transition with interaction with 
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PSII could be another possibility. However binding of IsiA to PSII has 
never been observed. A too weak interaction cannot be excluded. The 
high mobility of IsiA observed with FRAP by Sarcina and Mullineaux 
(Sarcina and Mullineaux 2004) was proposed to play a role in light 
harvesting regulation. 

4.5. Conclusion
Although some uncertainties remain about IsiA monomers in 

vivo and their role, they seem to be present in the thylakoid membrane 
of cells grown under iron stress conditions. IsiA has a different pigment 
composition in the isolated monomeric form than when aggregated, 
notably it contains about one β-carotene less. According to its lower 
emission yield, the ability to dissipate light energy is much weaker in 
isolated monomers than in aggregates. We propose that the absence of a 
peripheral β-carotene induces a conformational change. This carotenoid 
might correspond to the carotenoid involved in the quenching properties 
of IsiA.
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Note
After review of this thesis, the structure of PSI-IsiA supercomplex 

has been resolved at 3.5 Å using single-particle cryo-electron microscopy 
(Toporik, Li et al. 2019). It confirms the presence of four carotenoid 
molecules in IsiA. It also indicates that their proximity to chlorophyll 
molecules allows energy transfer but also dissipation. Although the 
carotenoids are not identified, their position supports our hypothesis 
that the β-carotene lacking in IsiA monomers could be the quencher. 
Three carotenoids are at the interface of the subunits within the IsiA 
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ring (named B2, B3, B4 in the published Figure), while one (B1), unique 
to IsiA, is situated between IsiA and PSI as in LHCI in the PSI-LHCI 
complex (Mazor, Borovikova et al. 2017). Two carotenoids (B2 and B3) 
are located at a distance of about 4 Å of two chlorophylls (Chl 2 and 3 
near B2; Chl 13 and 15 near B3), while the two others have solely one 
neighboring chlorophyll (Chl 11 to B1 and Chl 12 to B4). It suggests that 
these carotenoids B2 and B3 are more likely to act as a quencher. Within 
the membrane, the Chl 7, 13 and 17 are at a middle position between the 
stroma and the lumen and the Chl 13 is at the periphery of the IsiA ring 
and might be responsible for IsiA subunits interaction in aggregates or 
double rings. The carotenoid B3 has, therefore, an ideal position to act 
as a quencher in IsiA aggregates.
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ABSTRACT
In cyanobacteria the Iron-stress-induced protein A, IsiA 

(also called CP43’), is a crucial protein for the survival of 
cells under iron limitation, a condition that frequently occurs 
in natural habitats. It is also synthesized under other stress 
conditions that affect the photosynthetic machinery. IsiA is a 
pigment-binding protein made of six transmembrane α-helices 
containing 16 chlorophyll a molecules, two β-carotenes, one 
echinenone and one zeaxanthin. IsiA can tightly encircle 
Photosystem I (PSI) to fulfill a light-harvesting function. 
Additionally it is also overexpressed in PSI free aggregates that 
very efficiently dissipate light excess that is deleterious to the 
photosynthetic apparatus. We discuss here these dual functions 
of light harvesting and dissipation.
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1. INTRODUCTION
Cyanobacteria are remarkably versatile organisms that play a vital 

role in our biosphere. A significant change happened on Earth when 
cyanobacteria appeared and started to create an oxygenic atmosphere. 
Still today they are responsible for a considerable part of atmospheric 
oxygen release. Present in most marine and freshwater habitats but also 
on rocks and soils, including extreme environments, cyanobacteria 
provide a high contribution to primary biomass production (Garcia-
Pichel, Belnap et al. 2003, Flombaum, Gallegos et al. 2013). More 
knowledge on cyanobacteria may become important for environmental 
issues that are rising nowadays (Erdner and Anderson 1999). They 
could help to define strategies to reduce greenhouse gases as they have 
a big influence on the carbon dioxide uptake. Cyanobacteria are also 
of a great advantage in their use as biofuels (Li, Horsman et al. 2008, 
Quintana, Van der Kooy et al. 2011). They can provide a non-seasonal, 
clean and fast production of biomass, ethanol or hydrogen as they take 
up carbon dioxide to reduce it into sugars and split water (Centi and 
Perathoner 2010). They can convert a relatively high percentage of solar 
energy into biomass (Dismukes, Carrieri et al. 2008) and produce less 
recalcitrant biomass than crops. Moreover they are easier to genetically 
modify than eukaryotic photosynthetic organisms. Arthrospira platensis 
and Arthrospira maxima, commonly named spirulina is used as human 
and animal food supplement for its unusual high protein content with 
all the essential amino acids. It is also rich of omega-3 fatty acids, 
antioxidants, vitamins and minerals providing health benefits (Belay, 
Ota et al. 1993, Sotiroudis and Sotiroudis 2013, Lupatini, Colla et al. 
2017, Ovando, de Carvalho et al. 2018). Cyanobacteria can also be used 
for pharmaceutical applications (Choi, Mascuch et al. 2012) and many 
other biotechnological applications (Abed, Dobretsov et al. 2009).

Cyanobacteria have ancestors that are believed to be the 
progenitors of the chloroplasts from higher plants and green algae 
through endosymbiosis (Raven and Allen 2003). Therefore they show 
similarity in the photosynthetic membrane composition with higher 
plants. The major differences are found in the light harvesting complexes 
and the thylakoids membrane organization. The main light harvesting 
complexes of cyanobacteria are the water-soluble phycobilisomes that 
collect light in a different spectral region compared to the membrane 
light harvesting complexes of green plants and many species of 
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eukaryotic algae (Gantt 1980, Glazer 1985, Sidler 1994, MacColl 1998). 
Water strongly absorbs in the red and phycobilisomes can absorb light in 
waters deeper than about 10 meters. Their covalently attached pigments 
give a blue color to cyanobacteria that are therefore also named blue-
green algae. Cyanobacteria contain only chlorophyll a, except for 
prochlorophytes (Lewin and Withers 1975, Lewin 1976, Matthijs, van 
der Staay et al. 1995, Lewin 2002), a similar group of oxyphotobacteria 
lacking phycobilisomes and synthesizing chlorophyll b, and for the 
prochlorophyte species Acaryochloris marina where chlorophyll d is 
largely found (Miyashita, Ikemoto et al. 1996). The thylakoid membrane 
of cyanobacteria is differently organized compared to higher plants. 
Even if PSII is found to form rows in certain species (Bald, Kruip et al. 
1996, Kuhl, Rögner et al. 1999), cyanobacteria do not have two types 
of thylakoid domains separating PSII from PSI as in higher plants, 
where the grana is formed of stacked membranes with a high content 
of PSII and the lamellae composed of mainly PSI. The stoichiometry 
between PSI and PSII depends on the organism, species and growth 
conditions. Higher plants contain a more or less equal ratio of PSII and 
PSI (Melis and Brown 1980, Melis 1989). Differently cyanobacteria, like 
Synechococcus 6301 (also named Synechococcus elongatus or Anacystis 
nidulans) have thylakoid membranes containing at least twice as much 
PSI than PSII (Melis 1989). The amount of PSI can be 5 to 10 times 
higher under growth conditions when there is a need of ATP, which 
is increased via the cyclic electron flow through PSI. Additionally 
cyanobacteria differ with eukaryotic chloroplasts containing organisms 
by lacking the compartmentalization of the photosynthetic machinery in 
an organelle with its own genomic regulation. The thylakoid membrane 
is contiguous with the plasma membrane and has a consequence 
respiratory metabolism interacts with photosynthesis and some enzymes 
are shared.

Cyanobacteria can colonize very diverse and harsh environments. 
Under iron stress, cyanobacteria respond by expressing next to the isiB, 
gene responsible for the synthesis of flavodoxin replacing ferrodoxin, 
also the isiA gene, which produces the Iron-stress-induced protein A, 
a PsbC homologue therefore also called CP43’. From the isiA gene and 
the derived sequence of 342 amino acid residues, IsiA is predicted to 
have a molecular weight of 37 kDa (Laudenbach and Straus 1988). IsiA 
belongs to the accessory chlorophyll-binding protein (CBP) family 
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(Chen, Zhang et al. 2008) or CP43-like family (Murray, Duncan et al. 
2006). They all have six transmembrane α-helices. CBP proteins such as 
CP43, CP47 (Bricker and Frankel 2002) and the chlorophyll a/b binding 
proteins Pcb (Prochlorophyte chlorophyll binding protein) that replaces 
phycobilisomes in prochlorophytes (Chen and Bibby 2005) have a 
function of light harvesting. 

Some hypotheses have been given on the role of IsiA (Singh and 
Sherman 2007) and even if still not fully understood, we know now that 
IsiA serves at least two functions. First observed by electron microscopy 
(EM) as a ring of 18 subunits surrounding a PSI trimer (Bibby, Nield et 
al. 2001, Boekema, Hifney et al. 2001), it was suggested that it could act 
as a light-harvesting antenna for PSI. Under iron-limiting conditions, 
phycobilisomes and PSI can hardly be synthesized and the IsiA ring 
increases the absorption cross-section of PSI (Andrizhiyevskaya, 
Schwabe et al. 2002, Melkozernov, Bibby et al. 2003, Ryan-Keogh, Macey 
et al. 2012). IsiA was also observed to form other supercomplexes that 
do not contain PSI (Yeremenko, Kouřil et al. 2004, Kouřil, Arteni et al. 
2005), which because of the absence of connection to a photosystem, 
do not use a large part of the energy for light harvesting, but rather 
dissipate it to protect the organism from light damage (Park, Sandström 
et al. 1999, Sandström, Park et al. 2001, Havaux, Guedeney et al. 2005, 
Ihalainen, D’Haene et al. 2005).

In this review we will discuss the two main functions of IsiA, 
which are light harvesting and energy dissipation through the 
association or none-association with PSI, respectively. Cyanobacteria 
being the precursor of higher plants, the highly conserved IsiA, Pcb and 
CP43 proteins could be inherited from a common ancestor (Pinevich, 
Velichko et al. 2012). The elucidation of light harvesting and energy 
dissipation mechanisms in cyanobacteria are also of high interest since 
it can bring insight on common strategies in photosynthetic organisms. 
Additionally the acquisition of knowledge on cyanobacteria can be 
valuable to find solutions for the actual great concerns that represent 
food and energy production by developing essential nutriments and 
biofuel from these organisms.
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2. ISIA EXPRESSION 
2.1. Effect of iron stress

In addition to a large diversity, cyanobacteria have a great 
metabolic flexibility. These photosynthetic organisms can adapt and 
survive in many different ecosystems. However as for most living 
organisms the bioavailability of iron is vital since it is an essential 
constituent of indispensable enzymes, notably for the photosynthetic 
apparatus of cyanobacteria with the requirement of about 23 iron atoms 
per photosynthetic unit (Ferreira and Straus 1994, Raven, Evans et al. 
1999, Nicolaisen and Schleiff 2010). Yet it is often the main growth-
limiting factor despite its abundance on Earth because of the insolubility 
of Fe3+ salts at neutral pH in aquatic environments. 

Under iron-limiting conditions, the synthesis of proteins that 
require iron is affected and the ultrastructure of the cell is modified 
(Sherman and Sherman 1983, Guikema and Sherman 1984, Benešová, 
Ničková et al. 2000). The number of thylakoid membranes is reduced 
and high-affinity iron chelating compounds, like siderophores in 
most cyanobacteria, are synthesized as iron scavenging system (Straus 
1994, Hopkinson and Morel 2009). The content of PSI, the most iron-
rich complex in the cell (about 25% of iron content in proteins of 
cyanobacteria), decreases relative to that of PSII since a PSI complex 
contains 12 iron atoms that constitute 3 [4Fe-4S] clusters (FX, FA and 
FB) whereas PSII contains 2 iron atoms, one nonheme iron (NHI) in 
each monomer of the RC (Odom, Hodges et al. 1993). The cytochrome 
b559, which is important for PSII assembly and probably in electron 
transport mechanisms and photoprotection (Chu and Chiu 2016), also 
contains one iron molecule within its heme (Stewart and Brudvig 1998). 
The cytochrome b6f complex containing 5 iron molecules (cytochrome 
c553) can also not be synthesized under iron depletion. Ferredoxin, 
containing two iron molecules, is replaced under iron stress by a metal-
free flavodoxin expressed by isiB in certain cyanobacteria (and algae) 
(Hutber, Hutson et al. 1977, Laudenbach and Straus 1988, Sandmann, 
Peleato et al. 1990, Bottin and Lagoutte 1992, Straus 1994, Erdner, Price 
et al. 1999). A change in the stoichiometry of PSI and PSII is usually 
compensated by a decreased synthesis of phycobilisomes (Sandmann 
and Malkin 1983, Sandmann 1985, Sandström, Park et al. 2001). 
Additionally, iron is also necessary for the synthesis of phycobilisomes, 
namely the phycobilin chromophores (Grossman, Schaefer et al. 1993). 
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Due to the imbalance created by the reduction of the iron-containing 
proteins in the electron transport chain (Ferreira and Straus 1994), iron 
limitation and including also its presence through the Fenton-active 
ferrous iron has for consequences an increase of oxidative stress and the 
production of damaging reactive oxygen species (Sandmann 1985, Aro, 
Virgin et al. 1993, Asada 1994, Ivanov, Park et al. 2000, Imlay 2003, Latifi, 
Jeanjean et al. 2005, Latifi, Ruiz et al. 2009). Additionally some of the 
enzymes involved in the detoxification of reactive oxygen species, such 
as superoxide dismutases, contain iron as cofactor (Herbert, Samson 
et al. 1992, Miller 2012). However cyanobacteria survive to iron stress 
by adjusting their photosynthetic machinery and synthesizing IsiA and 
IsiB (Ivanov, Park et al. 2000, Michel and Pistorius 2004, Liu, Zhao et al. 
2006, Kupper, Setlik et al. 2008).

2.2. Spectral changes in cells
Growth under iron limitation conditions in cyanobacteria induces 

these modifications in the protein content and therefore spectroscopic 
changes are observed (Öquist 1974, Guikema and Sherman 1983, 
Sandström, Ivanov et al. 2002) that gave rise to the discovery of the 
chlorophyll containing protein IsiA, also called CP43’ or CPVI (Pakrasi, 
Goldenberg et al. 1985, Pakrasi, Riethman et al. 1985). The cells showed a 
lower absorption from phycobilisomes and a blue shift in the absorption 
of chlorophyll a in the Qy region. Changes in photosynthetic protein 
composition through iron stress are also characterized by changes in 
the emission spectra. The visible decrease of fluorescence at 77 K from 
phycobilisomes, PSI and almost not detectable PSII is accompanied by 
the appearance of an emission peak at about 685 nm that corresponds 
to IsiA, a newly synthesized chlorophyll-binding protein (Guikema and 
Sherman 1983, Pakrasi, Goldenberg et al. 1985, Sandström, Ivanov et al. 
2002).

2.3. Gene regulation
The acclimation to iron stress involves the regulation of several 

genes (Nodop, Pietsch et al. 2008). IsiA synthesis is induced by the 
derepression of the single copy di-cistronic isiAB operon. The isiA 
gene is situated upstream of the isiB operongene, co-transcribed and 
encoding flavodoxin, and is co-transcribed with it (Laudenbach, Reith 
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et al. 1988, Laudenbach and Straus 1988, Leonhardt and Straus 1992). In 
Anabaena the isiA and isiB genes are separately transcribed (Leonhardt 
and Straus 1994). In Fischerella muscicola the co-transcription does 
not occur with isiB but a gene similar to pcbC (Geiß, Vinnemeier et al. 
2001). The isiA gene is widely distributed in cyanobacteria of marine 
ecosystems but in certain cyanobacteria it is not present or not always 
expressed (Geiß, Vinnemeier et al. 2001). IsiA was first sequenced in 
Synechococcus elongatus PCC 7942, previously known as Anacystis 
nidulans (Laudenbach and Straus 1988) and shares 76.61% homology 
with IsiA from Synechocystis sp. PCC 6803. Most of the studies carried 
on IsiA have used these two model strains even if they show differences 
in the composition of their photosynthetic apparatus (Fraser, Tulk et 
al. 2013). The freshwater cyanobacterium Synechocystis sp. PCC 6803 
is one of the model organisms in photosynthesis research because of its 
relatively small genome size and simple nutrient requirements. It is the 
first photosynthetic organism (Kaneko, Sato et al. 1996) and the third 
prokaryote whose genome was completely sequenced.

2.4. IsiA synthesis under other stresses
IsiA is synthesized by many cyanobacteria under iron stress but also 

other stresses such as high light, oxidative conditions (Yousef, Pistorius 
et al. 2003, Li, Singh et al. 2004, Michel and Pistorius 2004, Singh, Li et al. 
2004, Latifi, Jeanjean et al. 2005, Singh, Li et al. 2005), salt stress (Fulda 
and Hagemann 1991, Fulda and Hagemann 1995, Vinnemeier, Kunert 
et al. 1998, Fulda, Mikkat et al. 1999, Vinnemeier and Hagemann 1999) 
and to a lower extent, heat shock (Hagemann, Techel et al. 1991, Kojima, 
Suzuki-Maenaka et al. 2006, Krishna, Rani et al. 2013). For that reason, 
the regulation of IsiA expression is controlled by a complex network at 
both transcriptional and post-transcriptional levels. The regulation of 
IsiA and IsiB involves the Ferric Uptake regulatory Protein, Fur, and the 
iron stress repressed RNA, isrR, the only known non-coding RNA with 
a regulation role in photosynthetic proteins (Ghassemian and Straus 
1996, Duhring, Axmann et al. 2006). The isiAB operon is repressed 
via Fur but not necessarily (Kunert, Vinnemeier et al. 2003). After iron 
repletion, the cells recovery is fast (Leonhardt and Straus 1994, Jeanjean, 
Zuther et al. 2003). Within few hours the spectral properties of cells and 
functionality are back to normal since the isiab transcript disappears 
after about 30 minutes (Pakrasi, Goldenberg et al. 1985, Odom, Hodges 
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et al. 1993, Singh, McIntyre et al. 2003, Singh and Sherman 2006).
Some mutations have shown to induce the synthesis of IsiA even in 

the presence of iron as in the case of the cytochrome c6-deficient mutant 
(Ardelean, Matthijs et al. 2002) and the psaFJ-null mutant (Jeanjean, 
Zuther et al. 2003). PsaJ is a small hydrophobic protein containing 
one transmembrane α-helix, while PsaF has two. Functional studies 
in mutants lacking PsaF or PsaJ have demonstrated the role of PsaF in 
plants and algae as a docking site for plastocyanine and cytochrome c6 
(Fischer, Boudreau et al. 1999, Chitnis 2001). While the absence of PsaF 
is lethal in higher plants, in cyanobacteria deletion of PsaF and PsaJ 
have no effect in photosynthetic activity (Xu, Yu et al. 1994). However 
PsaJ was showed to be important for the proper orientation of PsaF (Xu, 
Odom et al. 1994). The absence of PsaF causes oxidative stress. 

Considering all the conditions, when the isiAB gene is induced, we 
can conclude that the common trigger is a situation of oxidative stress 
as a secondary consequence of an imbalance in the electron transport 
chain caused by the initial stress condition.

3. ORGANIZATION
3.1. IsiA binds to PSI

The first electron microscopy projections of IsiA was performed 
on purified fractions from cells grown under iron starvation for few days 
and showed the presence of a newly synthesized membrane chlorophyll-
binding protein, IsiA, tightly encircling PSI. This supercomplex was 
observed in Synechocystis sp. PCC 6803 (Bibby, Nield et al. 2001) and 
Synechococcus sp. PCC 7942 (Boekema, Hifney et al. 2001) and consists 
of a PSI trimer surrounded by a ring of 18 IsiA subunits (Figure 1, top 
left image). The PSI-IsiA complex has a diameter of 320-330 Å including 
the detergent shell with a height of about 90 Å corresponding to PSI. 
When a model is used with CP43 and PSI that have a known size, a 
diameter of 310-320 Å is found (Boekema, Hifney et al. 2001, Nield, 
Morris et al. 2003). 

3.2. Flexibility of the association of IsiA with PSI
The association of IsiA with PSI is flexible. It was first revealed 

in a psaFJ-null mutant of Synechocystis sp. PCC 6803 that lacks the 



126

Light harvesting and photoprotection under stress conditions in cyanobacteria:
IsiA dual functions - Minireview

two peripheral PsaF and PsaJ intrinsic membrane protein subunits of 
the PSI core complex (Kouřil, Yeremenko et al. 2003). The smaller PSI 
trimer complex is surrounded by a ring of 17 IsiA subunits instead of 
18, showing the flexibility of the IsiA ring since its size adjusts to the 
PSI complex. The EM images indicate also that PsaF and PsaJ subunits 
of PSI are not required for IsiA binding and the circumference of the 
PSI complex determines the number of associated IsiA proteins. The 
IsiA ring arrangement regarding PSI is different with 17 subunits 
compared to 18 but the ring position with PSI is fixed in both cases as 
demonstrated by the EM processed views, corresponding to alignment 
and averaging of numerous single particle projections. Indeed it is 
possible to superimpose and align the IsiA ring around the trimers, 
with a necessary rotation for PSI-IsiA for the psaFJ-null mutant. If 
PSI and IsiA would not both superimpose, the ring will be blurred. 
The interaction of the PSI trimer with the IsiA ring is different in the 
complexes isolated from the psaFJ-null mutant compared to the wild 
type with a ring of 18 IsiA copies. A different position of the IsiA ring 
relative to PSI might have an effect on its energy transfer efficiency to 
the photosystem but the effect of the mutation on transfer rate has not 
been investigated.

Figure 1: An overview of the various types of PSI-IsiA and IsiA 
supercomplexes revealed by single particle electron microscopy and 
image analysis. Both trimeric and monomeric PSI complexes can 
associate with a different amount of IsiA proteins, which form either 
single or double rings around PSI. Trimeric PSI associates with 18 IsiA 
subunits (top left image), monomeric PSI can form a supercomplex 
with either single rings of 12 or 13 IsiA proteins or various types of 
double rings (bottom row), which are formed by inner and outer rings 
of 12 and 19, 13 and 20 or 14 and 21 IsiA subunits, respectively. The 
percentage indicates the relative abundance of the complexes in wild 
type Synechocystis sp. PCC 6803 grown under iron stress.
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IsiA flexibility also allows the assembly of a ring around PSI in 
the monomeric form as observed by EM and given in the 5 bottom 
images of Figure 1 (Aspinwall, Duncan et al. 2004, Yeremenko, Kouřil 
et al. 2004). Iron deficiency increases the presence of PSI monomers 
through time (Ivanov, Krol et al. 2006). The contact with PSI in this 
case implies a different interaction with one part of the ring, notably 
PsaL, a transmembrane helix, located at the side where PSI monomers 
are connected in cyanobacteria. The presence of PsaL is essential for 
trimerization (Chitnis and Chitnis 1993). In a psaL-null mutant of 
Synechocystis sp. PCC 6803 grown in the absence of iron it was found 
that about half of PSI-IsiA supercomplexes are assembled with partial 
rings at the PsaF and PsaJ subunits side compared to the wild type 
(Aspinwall, Duncan et al. 2004, Kouřil, Yeremenko et al. 2005). The 
tendency to form incomplete rings with PSI monomers suggests that 
PsaL helps to form rings. These results indicate also that PsaL facilitates 
the binding of IsiA, but is not absolutely required. 

3.3. Formation of large complexes
After long iron depletion a supercomplex with a double ring 

encircling probably a PSI dimer was also observed in the psaL-null 
mutant. Although the existence of such complexes was found to be 
quite rare, it shows the quite unique property of this membrane protein 
among other photosynthetic organisms to form a large variety of ring-
shaped structures (Yeremenko, Kouřil et al. 2004, Kouřil, Arteni et al. 
2005, Kouřil, Yeremenko et al. 2005). This specific property of assembly 
was confirmed by the observation under the electron microscope of 
different types of IsiA complexes isolated from cells from diverse iron 
stressed conditions (Figure 1). IsiA was found with PSI but also without. 

IsiA is able to associate to PSI in various ways. It can form rings 
with variable sizes from 12 subunits around a PSI monomers to very 
large complexes with a double ring of 35 units (14 in inner ring and 
21 in outer ring with monomeric PSI) in Synechocystis sp. PCC 6803 
(Figure 1) and in Thermosynechococcus elongatus up to 43 IsiA particles 
around trimeric PSI (Chauhan, Folea et al. 2011). The interaction 
between 2 rings appears to be less strong than to PSI as some fuzziness 
was observed when projections are summed. Partial rings can also be 
formed as in the psaL-null mutant but in much smaller amount.
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3.4. IsiA not bound to PSI
While phycobilisomes and PSI synthesis is reduced due to the lack 

of iron, IsiA expression increases with the stress duration. At an early 
stage of iron deprivation cells contain PSI-IsiA complexes in majority as 
shown by the first EM observations (Bibby, Nield et al. 2001, Boekema, 
Hifney et al. 2001). In cells grown under iron stress for more than 
few days, various other complexes are found as described previously, 
numerous PSI monomers with IsiA in single and double rings but also a 
significant part of IsiA not bound to a photosystem as seen in the 5 top 
images of Figure 1 (Yeremenko, Kouřil et al. 2004). These IsiA aggregates 
accumulate with the stress duration. Evidence of this accumulation was 
given by EM images of solubilized thylakoids of cells grown under long 
iron depletion showing the main presence of inhomogeneous two-
dimensional large IsiA-only complexes with variable size and shape 
(Ihalainen, D’Haene et al. 2005). 

3.5. Hypothesis of PSII-IsiA complex formation
IsiA shares structural similarity with CP43 and CP47, the core 

antennae of PSII. Therefore IsiA and PSII association has been given 
as a hypothesis but there is until today no proof of the existence of PSII 
complexes bound with IsiA. Under iron stress CP43 is present and does 
not seem to be replaced by IsiA as it has been suggested (Burnap, Troyan 
et al. 1993, Falk, Samson et al. 1995, Ivanov, Krol et al. 2006). IsiA 
compared to CP43 and CP47 has a shorter “E” loop. This large extrinsic 
loop is essential in CP43 for the proper stable and functional assembly 
of oxygen-evolving PSII and, in CP47, it interacts with the manganese 
stabilizing protein and also the oxygen-evolving complex (Bricker and 
Frankel 2002). IsiA is therefore likely not involved in the photooxidation 
mechanism.

3.6. Similarity of IsiA with Pcb from prochlorophytes
In prochlorophytes Pcb, an IsiA homologue (La Roche, van der 

Staay et al. 1996, Chen and Bibby 2005), forms a similar ring of 18 
subunits around PSI trimers when cells are grown under iron limitation 
in Acaryochloris marina (Chen, Bibby et al. 2005) and under low 
irradiance in Prochlorothrix hollandica (Bumba, Prasil et al. 2005) and 
Prochlorococcus marinus (Bibby, Nield et al. 2001). 
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Conversely Pcb is also able to associate at the sides of PSII dimers 
to form an additional antenna by binding in rows of 4 to 5 Pcb subunits 
in Prochloron didemni (Bibby, Nield et al. 2003) and Prochlorococcus 
(Bibby, Mary et al. 2003). Pcb is regulated by light intensity and in some 
species by iron availability when associated to PSI (Bibby, Mary et al. 
2003). 

The chlorophyll a/b Pcb protein acts as light harvesting antenna 
under dim-light but also high irradiance depending on the species since 
these cyanobacteria do not have phycobiliproteins as light harvesting 
antennae. 

Prochlorophytes show genes with a similar sequence to 
chloroplasts as for example psbA (Morden and Golden 1989) and have 
been considered as its ancestor. However the pcb genes differ from the 
cab genes of the chlorophyll a/b antenna proteins from the chloroplast 
(La Roche, van der Staay et al. 1996). From the comparison of chlorophyll 
a oxygenase, cao, genes responsible for the chlorophyll b synthesis, it has 
been hypothetized that Prochlorophytes have diverged from a common 
single cyanobacterial ancestor of the chlorophyte and chloroplast, 
which contains chlorophyll b and phycobilins (Tomitani, Okada et al. 
1999). Pcb and IsiA are possibly an evolutionary development of the 
CP43 from PSII (Zhang, Chen et al. 2007). 

3.7. IsiA pigment composition
According to its amino acid sequence, IsiA has 15 Histidine 

residues with 13 in the hydrophobic region. It can therefore potentially 
bind at least about 13 chlorophyll a molecules. From the absorption 
spectrum at 5 K of the PSI-IsiA complex from Synechococcus sp. PCC 
7942 reconstituted with the spectra of separated IsiA and PSI, it was 
estimated by Andrizhiyevskaya and co-workers that the Qy cross-section 
area of IsiA corresponds to about 52% of the total PSI-IsiA absorption. 
Since PSI binds 96 chlorophylls per monomers then IsiA subunit 
contains about 17 to 18 chlorophylls a depending of the precision of 
this estimation (Andrizhiyevskaya, Schwabe et al. 2002). Another 
similar estimation published by Feng gave about 13 chlorophylls per 
IsiA (Feng, Neupane et al. 2011). Other given chlorophyll contents 
in IsiA were based on the comparison with CP43 associated to PSII 
because of a highly conserved amino acids sequence in membrane 
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helices region of cyanobacteria (Ferreira and Straus 1994). About 9 
conserved His residues might participate in chlorophyll binding as in 
CP43. Depending on the crystal structure used (Zouni, Witt et al. 2001) 
IsiA was estimated by comparison with CP43 to bind 12 chlorophylls 
(Bibby, Nield et al. 2001), 13 chlorophylls (Nield, Morris et al. 2003) 
from the X-ray structure of Vasil’ev et al. (Vasil’ev, Orth et al. 2001) and 
15 chlorophylls (Zhang, Chen et al. 2010) using the structure of Ferreira 
(Ferreira, Iverson et al. 2004) and Loll (Loll, Kern et al. 2005). The latest 
X-ray structures and CP43 pigment analysis attributes 13 chlorophylls 
a to CP43 (Boehm, Romero et al. 2011, Umena, Kawakami et al. 2011). 
Such estimations are not reliable since the amino acid sequence of CP43 
differs from that of IsiA (His, Met near chlorophyll molecules). For 
another comparison with a homologue, CP47 binds 16 chlorophylls. 
From pigment analysis performed on isolated IsiA from Synechocystis 
sp. PCC 6803 a carotenoid ratio of two β-carotenes for one echinenone 
and one zeaxanthin was estimated (Ihalainen, D’Haene et al. 2005). 
Then if we consider that IsiA does not have external pigments that are 
loosely bound and it binds 4 carotenoid molecules, the carotenoid to 
chlorophyll ratio obtained by pigment analysis gives for 4 carotenoid 
molecules a number of chlorophylls corresponding to 16 per IsiA.

The pigment orientation, distance and interaction in IsiA relative 
to PSI and between subunits are unknown. The resolution achieved by 
EM does not allow a precise orientation of the IsiA subunits in the ring 
formed around PSI. Therefore several groups have modeled the PSI-IsiA 
complex according to CP43 known structure (Bibby, Nield et al. 2001, 
Nield, Morris et al. 2003, Zhang, Chen et al. 2010). A detailed structure 
of IsiA and PSI-IsiA would give crucial information for the function of 
these complexes. Nevertheless spectroscopic analyses have contributed 
to unveil two essential roles of IsiA.

4. FUNCTION AS LIGHT HARVESTING ANTENNA
Cyanobacteria harvest light through the large membrane-

extrinsic phycobilisomes. Under iron deficiency, not only PSI but also 
these water-soluble peripheral antennae can hardly be synthesized. 
Therefore one of the first investigated functions of IsiA, when its giant 
ring structure enlarging photosystem I has been observed, was its role 
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in light harvesting.

4.1. IsiA increases the antenna size of PSI
IsiA increases the number of chlorophyll molecules to absorb 

light and therefore can act as a supplementary antenna. Based on the 
similarity with the CP43 structure, the number of chlorophylls that 
IsiA adds to PSI was estimated in the trimeric PSI surrounded by 
18 IsiA subunits to be of 70%, with 300 Chls of PSI trimer increased 
by 216 Chls from IsiA ring (Bibby, Nield et al. 2001). An increase in 
antenna size of about 60 % compared to PSI trimers was calculated 
from Chl/P700 measurements when PSI is considered to contain 288 
Chls (Boekema, Hifney et al. 2001). For the monomeric PSI associated 
with IsiA, an additional ring of 12 IsiA subunits gives a 3-fold increase 
of chlorophylls. The chlorophyll ratio IsiA to PSI is higher in (PSI)1-
(IsiA)12 with 1 to 2 (96 to 192 Chls) compared to 1 to 1 (288 to 288 Chls) 
in (PSI)3-(IsiA)18. Consequently PSI monomerization through stress 
increases the light harvesting efficiency. Larger complexes found in cells 
grown for a longer period under iron deprivation with a double ring of 
35 IsiA subunits (560 Chls) surrounding a monomeric PSI (96 Chls) 
will enlarge the light harvesting capacity 7-fold (Yeremenko, Kouřil et 
al. 2004). By measuring light-saturation curves, the absorption cross-
section of isolated PSI-IsiA complexes was calculated to be about 44% 
higher than for PSI (Boekema, Hifney et al. 2001). 

4.2. Increase of absorption cross-section
Spectroscopic analysis of isolated PSI-IsiA complexes from 

Synechococcus sp. PCC 7942 suggests that the IsiA ring increases the 
absorption cross-section of PSI trimer by about 100% (Andrizhiyevskaya, 
Schwabe et al. 2002). From fitting the absorption spectra at 5 K with Qy 
cross-section areas of isolated IsiA and PSI, the chlorophyll contribution 
of IsiA to the trimeric PSI-IsiA complex in the absorption spectrum was 
estimated from of 52% and 48% for IsiA and PSI, respectively. It implies 
that the addition of the IsiA ring corresponds to a two-fold increase of 
the light harvesting capacity of PSI. The absorption at room temperature 
or lower of IsiA in the Qy region is blue-shifted compared to PSI. It 
initiates downhill energy transfer towards PSI. The lower excited state 
of PSI and a close association with IsiA confers a high probability for 



132

Light harvesting and photoprotection under stress conditions in cyanobacteria:
IsiA dual functions - Minireview

net energy transfer from IsiA to PSI depending on the temperature and 
according to Boltzmann. 

4.3. Efficient energy transfer of IsiA to PSI in PSI-IsiA
The emission spectrum of isolated PSI-IsiA complexes measured 

at room temperature displays a maximum at 686 nm, corresponding to 
the combined emission of isolated IsiA and PSI at 678 nm and 690 nm, 
respectively, in Synechococcus sp. PCC 7942 (Andrizhiyevskaya, Schwabe 
et al. 2002). At cryogenic temperatures the PSI-IsiA complex displays 
two emission bands. At 5 K IsiA emits at 686 nm but it represents 12% of 
the total emission. The main emission corresponds to the characteristic 
red emission of PSI, which is blue-shifted in comparison to isolated 
PSI, from 714 nm to 713 nm in Synechococcus (Andrizhiyevskaya, 
Schwabe et al. 2002) and 723 to 721 nm in Synechocystis sp. PCC 6803 
(van der Weij-de Wit, Ihalainen et al. 2007). The emission values of 
PSI differ according to the cyanobacterial species and its content of red 
chlorophylls (Gobets and van Grondelle 2001). At low temperature the 
much lower emission yield of IsiA in comparison to PSI reveals efficient 
light energy transfer from IsiA to PSI. 

The relative strong temperature dependence of the IsiA fluorescence 
quantum yield gives to the PSI-IsiA complexes a slightly stronger 
temperature dependence compared to PSI. At room temperature the 
energy is delocalized over both chlorophyll proteins allowing trapping 
to occur. At low temperature the energy distribution according to 
Boltzmann shows the heterogeneity of the emitting pigments between 
IsiA and PSI. However local trapping within IsiA does not occur since 
the thermal energy is sufficient to allow energy transfer from IsiA to the 
P700 or red chlorophylls or both. 

4.4. Trap-limited rather than transfer-limited charge 
separation

IsiA increases the light-harvesting capacity of PSI about two-fold in 
a trimeric PSI with a ring of 18 subunits but this doubling of the antenna 
size induces a two times slower trapping time into the charge-separated 
state. However there are no energy losses and the light energy transfer 
from IsiA to PSI is very fast (about 2 +/- 1 ps) (Gobets, van Stokkum 
et al. 2001, Melkozernov, Bibby et al. 2003, Andrizhiyevskaya, Frolov 
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et al. 2004, Melkozernov, Barber et al. 2006). PSI-IsiA short lifetimes 
confirm the effective energy transfer of IsiA to PSI. The increase of light 
harvesting capacity, even if having as a consequence a slower trapping 
of the excitation by the RC, the yield of charge separation is still high 
compared to the excited state lifetime of free chlorophyll. It results in 
a high, which is fast enough, efficiency of PSI under stress conditions. 

4.5. Chlorophyll(s) involved in energy transfer
The distance of the chlorophylls involved in energy transfer 

between IsiA and PSI has been estimated from the kinetic models. The 
resulting short distance of about 10 to 14 Å (Andrizhiyevskaya, Frolov et 
al. 2004) implies the presence of chlorophyll(s) linker between IsiA and 
PSI. Models of the PSI-IsiA complex using the X-ray structure of PSI 
(Jordan, Fromme et al. 2001) and CP43 from PSII (Zouni, Witt et al. 2001) 
give hypotheses on the location of interconnecting chlorophylls having 
the shortest distances, ≤ 25 Å (Bibby, Nield et al. 2001, Nield, Morris et al. 
2003, Zhang, Chen et al. 2010). Spectroscopic measurements from Feng 
and co-workers (Feng, Neupane et al. 2011) support the model given by 
the group of Nield, where three IsiA subunits can have an interaction 
with PsaA, PsaK, PsaB and PsaJ subunits of PSI (Nield, Morris et al. 
2003). In the optimal model of Zhang IsiA is oriented differently than in 
the precedent model used as a reference and there are more chlorophylls 
of PSI (PsaA, PsaB, PsaJ and possibly PsaX) interconnecting with IsiA 
(Zhang, Chen et al. 2010). The psaFJ-null mutant has shown that the 
PsaF and PsaJ subunits are not necessary for IsiA ring formation with 
PSI and its functional role as antennae (Jeanjean, Zuther et al. 2003, 
Kouřil, Yeremenko et al. 2003). The formation of a smaller complex 
implies a different association of PSI with IsiA and most probably 
different chlorophylls involved in energy transfer but the difference 
of efficiency in the psaFJ-null mutant or in various types of PSI-IsiA 
complexes such as monomeric PSI associated with IsiA single or double 
rings have not been investigated. 

4.6. Differences with the CP43 homologue
IsiA structure has been modeled by comparison with its well-

studied homologue, the PSII core antenna CP43 (Bibby, Nield et al. 2001, 
Nield, Morris et al. 2003, Zhang, Chen et al. 2010). The spectroscopic 
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measurements of IsiA aggregates, isolated from Synechocystis sp. 
PCC 6803 under similar conditions to chapter II and III, have been 
performed to give a comparison with the well characterized CP43 and 
CP47 (Chang, Jankowiak et al. 1994).

IsiA displays small differences in the absorption spectrum at low 
temperature compared to CP43 and CP47 core antenna of PSII. The 
absorption maximum at 77 K of IsiA aggregates from Synechocystis 
peaks at 670 nm with two shoulders observed at 676 nm and 682 nm 
(Figure 2-A). Absorption at 5 K measured with a similar preparation 
showed identical features (van der Weij-de Wit, Ihalainen et al. 2007). 
Differently the absorption at low temperature of CP43 is characterized 
by a distinct narrow band at 682.5 nm in spinach (Groot, Frese et al. 
1999) and red-shifted to 684 nm for CP43 isolated with polyhistidine-
tag in Synechocystis sp. PCC 6803 (Boehm, Romero et al. 2011). Such 
a distinct band is absent in IsiA even in monomeric IsiA isolated from 
Synechococcus PCC 7942 (Andrizhiyevskaya, Schwabe et al. 2002). By 
comparison to IsiA and CP43, CP47 isolated from spinach absorbs more 
in the red with a maximum at 674.5 nm and a shoulder at 683 nm at 77K. 
Two distinct red states at 683 nm and 690 nm, corresponding to 3 and 
one chlorophyll pigments respectively, have been earlier characterized 
(de Weerd, Palacios et al. 2002). His-tagged CP47 from Synechocystis is 
similar with small differences in spectral shape and one red chlorophyll 
absorbing around 700 nm (Boehm, Romero et al. 2011).

The group of pigments giving the narrow absorption band in CP43 
and the red-most states in CP47 dominate the emission spectrum at 5 K 
with a maximum at 682.8 nm and a full width at half maximum, fwhm, 
of 4.5 nm for CP43 (Groot, Frese et al. 1999) and 691 nm with a fwhm 
of 12 nm for CP47 (Chang, Jankowiak et al. 1994, Groot, Peterman et al. 
1995, de Weerd, Palacios et al. 2002). The emission spectrum of CP43 
is narrower than the fwhm 6.8 nm of IsiA aggregates peaking at 686 
as shown in Figure 2-B and previous work (Ihalainen, D’Haene et al. 
2005). In isolated His-CP43 and His-CP47 from Synechocystis small 
differences are observed compared to spinach (Boehm, Romero et al. 
2011). The emission of His-CP43 at 77 K peaks at 684 nm similarly to 
the absorption. The fluorescence spectrum of His-CP47 is narrower and 
blue-shifted in comparison to CP47 from spinach.

Circular dichroism (CD) spectrum at room temperature measured 
on IsiA aggregates isolated from Synechocystis is shown in Figure 2-C 
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(also in Chapter II of this thesis) and displays in the Qy region three 
bands, one positive peaking at 671 nm and two negative bands, a small 
one at 660 nm and one with the highest intensity at 684 nm. In CP43 
from spinach at room temperature the CD spectrum looks relatively 
different since the band at 660 nm is absent and a small negative band 
around 677 nm is present between the main positive band at 668 nm 
and the negative band at 685 nm, (Groot, Frese et al. 1999). The CD 
spectrum of CP43 can also be compared to the CD of another type of 
IsiA, the monomeric form isolated from Synechococcus sp. PCC 7942 
(Andrizhiyevskaya, Schwabe et al. 2002). At 77 K the CD of CP43 
displays some bands with more intensity than at room temperature, 
notably a positive band at 679.5 nm and two negative ones at 675 and 
684 nm. In IsiA monomers of Synechococcus these three bands have a 

Figure 2: absorption at 77K with a possible fit with Gaussian shapes 
(A), emission with 420 nm excitation at 5 K (B), circular dichroism 
at RT (C) and linear dichroism at 77K (D) of IsiA aggregates from 
Synechocystis sp. PCC 6803.
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low intensity but there is additionally a small negative band at 690 nm, 
which is absent in CP43.

Linear dichroism (LD) and absorption measurements at 77 K 
of IsiA aggregates are shown in Figure 2-D for comparison (similar 
materials and methods to chapter VI were used). The positive LD 
signal of the Qy transitions between 650 nm and 695 nm and the 
two negative LD bands peaking at 632 nm and 586 nm for the Qx 
transitions correspond respectively to a small angle for the Qy and a 
large angle Qx with the axis of orientation. It means that taken together 
the orientations of the Qy and Qx transitions indicate that most of the 
tetrapyrol rings of chlorophyll a have a perpendicular orientation relative 
to the plane, formed by the 2-dimensional IsiA aggregates or similarly 
by the membrane since the sample orient through its long axis in the 
polyacrylamide gel after bidirectional squeezing (Abdourakhmanov, 
Ganago et al. 1979, van Amerongen, Vasmel et al. 1988, Garab 1996, 
Garab and van Amerongen 2009). The LD in the Qy shows two bands 
that differ in intensity compared to the absorption, when normalized at 
their maximum. In the region between 650 and 671 nm the LD is lower 
than the absorption, which imply that the Qy transitions have a larger 
angle with the membrane plane. Between 671 and 682 nm with a peak at 
675 nm, the LD signal is higher than the absorption showing a smaller 
angle with the membrane plane of the Qy transitions from chlorophylls 
absorbing in this region. In CP43 and CP47 the LD signal indicates, as for 
IsiA, a similar average orientation of the chlorophylls rings relative to the 
membrane plane. The specific narrow band at 682 nm in the absorption 
spectrum of CP43 shows a more pronounced LD signal (Breton and 
Katoh 1987, Groot, Frese et al. 1999). These Qy transitions are then 
more strongly orientated in the membrane plane. IsiA aggregates do not 
have this feature. Differently its LD signal is similar to the absorption in 
this region. In the case of CP47, its particular red chlorophylls show a 
distinct orientation compared to CP43 and IsiA. Indeed, the LD signal 
is positive for most of the Qy region excepted for one chlorophyll at 
690 nm and some around 683 nm, which have a negative LD, meaning 
they have a significant difference in orientation compared to the bulk, a 
larger angle with the membrane plane (de Weerd, Palacios et al. 2002).

CP43 and CP47 contain characteristic spectral features, a narrow 
band at 682 nm and a specific red-most state at 690 nm respectively, which 
are not present in IsiA. In CP43 and CP47 from cyanobacteria small 
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differences are observed compared to plants but the main differences 
between these proteins and IsiA remain. According to the CD and LD 
comparison there are probably structural differences and they might be 
related to these characteristic chlorophylls in CP43 and CP47 compared 
to IsiA. The impact of such divergences in structure on their particular 
functionality as antenna is most probably not negligeable.

4.7. Role of carotenoids in light harvesting
Furthermore transient absorption measurements of Berera and 

colleagues investigate the role of carotenoids in light harvesting (Berera, 
van Stokkum et al. 2010). In IsiA carotenoids are able to transfer light 
energy to chlorophyll with a similar efficiency to carotenoids in CP43 
and CP47 (de Weerd, Kennis et al. 2003, Holt, Kennis et al. 2004) but 
less than in LHCII (Gradinaru, van Stokkum et al. 2000, Holt, Kennis et 
al. 2003). Energy transfer occurs from the carotenoid S2 state in the sub-
100 fs time scale. Echinenone because of its red absorption seems to be 
more efficient (37%) than zeaxanthin or β-carotenoid molecules (22%).

4.8. Complementarity antenna or replacement of 
phycobilisomes

Under normal conditions, light energy in cyanobacteria is 
transferred to the photosystems via their association with phycobilisomes. 
When IsiA is synthesized these soluble antennae are still present but 
the presence of the IsiA ring around PSI might affect their interaction 
with the photosystem. The isolation of PSI-IsiA complexes associated 
with full or partial phycobilisomes antenna is very challenging because 
the interaction of the photosystem with phycobilisome is very weak 
and disrupted even under thylakoid solubilization with low amount of 
mild detergent. This unstable association makes it difficult to investigate 
the effect of the presence of IsiA on phycobilisomes energy transfer 
to PSI. According to the localization of the PSI binding site with the 
phycobilisomes (Bald, Kruip et al. 1996, Mullineaux 2008, Liu, Zhang 
et al. 2013) and the fact that they are able to interact with PSI from 
the stroma, the association of the phycobilisomes antennae with the 
PSI-IsiA complex should be possible. Additionally the stabilisation of 
the phycobilisomes to membrane complexes by use of high-osmotic 
strength buffer on cells (Joshua and Mullineaux 2004) suggested an 
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interaction of phycobilisomes with IsiA (Joshua, Bailey et al. 2005).

4.9. Reduced state transitions under iron stress
Short-term energy regulation of the harvested light in 

cyanobacteria is performed by phycobilisomes through the so-called 
state transitions (Campbell and Öquist 1996, van Thor, Mullineaux 
et al. 1998, McConnell, Koop et al. 2002, Mullineaux and Emlyn-
Jones 2005). A difference of illumination between PSI and PSII leads 
to a disequilibrium. The light energy is redistributed through the 
coupling of phycobilisomes preferably with the photosystem that is 
less excited. PSI trimers, prevailing under normal growth conditions, 
dissociate into monomers when iron stress is induced and prolonged 
(Yeremenko, Kouřil et al. 2004). Under iron stress the decrease of PSI 
and phycobilisomes has most probably implications on state transitions. 
According to measurements with Pulse-amplitude modulation (PAM) 
chlorophyll fluorometer the capacity for state transitions is reduced and 
cells are locked in state I with excess of light excitation towards PSII 
(Falk, Samson et al. 1995, Ivanov, Krol et al. 2006). The ratio monomer 
to trimer of PSI seems to play a role in state transitions due to a possible 
modification of interaction with phycobilisomes (Aspinwall, Sarcina et 
al. 2004). A reduction of state transitions can suggest that IsiA binding 
to PSI also influences phycobilisomes association to this photosystem 
and that subsequently the excess of energy will be transferred preferably 
to PSII via phycobilisomes. It will contribute to a redistribution of 
phycobilisomes towards PSII.

5. FUNCTION AS LIGHT ENERGY DISSIPATER 
5.1. Non-Photochemical Quenching in cyanobacteria

Photosynthetic organisms have to deal with changes in light 
intensity. While they need to be able to efficiently harvest the light energy, 
its excess can be deleterious. In presence of oxygen the accumulation of 
chlorophyll excited states lead to the formation of singlet oxygen that 
is highly reactive and severely damages the PSII proteins, in particular 
the D1 protein where oxygen is generated. The non-photochemical 
quenching (NPQ) of cyanobacteria is less pronounced than in higher 
plants (Bailey and Grossman 2008). A possible reason could be that 
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cyanobacteria, differently to higher plants, are less subject to rapid 
change in light intensity since they live in aquatic environment where the 
sunlight is more shaded and exhibits less harmful UV. The colonization 
of different ecosystems might be responsible for the development of 
different mechanisms of photoprotection in cyanobacteria since they 
are also able to grow on dry niches like rocks cracks where the sun 
exposure is attenuated (Cockell and Stokes 2004). The most studied 
species Synechocystis sp. PCC 6803 and Synechococcus sp. PCC 7942 
colonize surface waters.

5.2. Related strategies of NPQ in photosynthetic organisms
NPQ in higher plants has been intensively studied (Demmig-

Adams 1990, Ruban, Walters et al. 1992, Horton, Ruban et al. 1996, 
Müller, Li et al. 2001, Horton and Ruban 2005, Pascal, Liu et al. 2005, 
Ruban, Berera et al. 2007, Ruban, Johnson et al. 2012). Even if the process 
of NPQ remains a controversial issue, several mechanisms of energy 
dissipation have been described. In cyanobacteria photoprotection is 
different since they share no similarity in term of antenna content and 
membrane organization. However some fundamental strategies are 
analogous. Photoprotection involves modifications in light harvesting 
complexes association and localization. Energy dissipation mechanisms 
in chlorophyll binding proteins can share fundamental similarities. 
Non-photochemical quenching in cyanobacteria is observed as a 
decrease of chlorophyll/phycobilisomes fluorescence yield (Campbell, 
Hurry et al. 1998). Phycobilisomes play a major role in light harvesting 
and their association or detachment to the photosystems allows energy 
regulation. 

5.3. Role of OCP
In plants, energy regulation is triggered by a light-induced proton 

gradient via the membrane protein PsbS (Li, Bjorkman et al. 2000, 
Ruban, Johnson et al. 2012). Cyanobacteria do not synthesize PsbS and 
neither they use the protein gradient to regulate light energy. Instead a 
small soluble protein of 35 kDa binding one 3’-hydroxyechinenone, the 
Orange Carotenoid Protein (OCP), has been found to play a crucial role 
in cyanobacterial fluorescence quenching (Kerfeld, Sawaya et al. 2003, 
Wilson, Ajlani et al. 2006, Kirilovsky 2007, Wilson, Punginelli et al. 2008). 
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Several groups have dedicated quite some work to unveil the quenching 
mechanism of OCP (Gorbunov, Kuzminov et al. 2011, Rakhimberdieva, 
Kuzminov et al. 2011, Tian, van Stokkum et al. 2011, Kirilovsky and 
Kerfeld 2013, Stadnichuk, Yanyushin et al. 2013, Kirilovsky 2014, 
Zhang, Liu et al. 2014). OCP is photoactivated under blue-green light 
into its red form. The light induces a conformational change of the 
carotenoid and as a consequence a modification in the protein that 
opens up and is then able to bind to the phycobilisome antenna. The 
N-terminal of the red OCP binds to the basal APC cylinders of the 
core of the phycobilisome inducing light energy dissipation. The NPQ 
depends on the concentration of activated OCP and another essential 
protein, the fluorescence recovery protein, FRP (Boulay, Wilson et al. 
2010, Gwizdala, Wilson et al. 2013, Sutter, Wilson et al. 2013). FRP has 
affinity with the activated OCP, which induces its detachment from the 
phycobilisome, accelerates the deactivation of red OCP into its orange 
form and as a consequence it mediates the recovery of the full antenna 
activity and reverses the OCP activity in energy dissipation.

5.4. Role of IsiA in photoprotection
The possible function of IsiA in photoprotection was mentioned 

since its discovery. Later, IsiA synthesis was proven to be essential for 
the cells survival under light stress. The role of photoprotection towards 
PSII was demonstrated in cells where the isiA gene was inactivated 
(Park, Sandström et al. 1999). Mutated cells with induced IsiA 
overexpression are more resistant to photoinhibition than wild type and 
isiA gene deletion is lethal under high light even in the presence of iron 
(Sandström, Park et al. 2001, Havaux, Guedeney et al. 2005). 

IsiA unconnected to PSI sheds new light on the earlier proposed 
photoprotective function of IsiA. It accumulates in excess of what is 
required for light harvesting to form complexes of various sizes without 
PSI (Yeremenko, Kouřil et al. 2004). IsiA is then likely to act as a shade 
to protect the PSII that is sensible to photo-oxidation under conditions 
where the photosystems balance is displaced due to the PSI decrease, 
creating an excess of photons.

5.5. Dissipative properties of IsiA
The spectral properties of IsiA aggregates show that IsiA is able 
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to act as energy dissipater (Ihalainen, D’Haene et al. 2005). Indeed 
the emission quantum yield of these complexes is of 2% compared 
to that of chlorophyll a in organic solution. Measurements of the 
fluorescence quantum yield at different temperatures confirm the 
quenching property of IsiA, as the emission quantum yield is much 
higher at cryogenic temperatures compared to room temperature, with 
the strongest temperature dependence between 70 K and 5 K. The high 
increase in the emission quantum yield at low temperature compared to 
room temperature indicates that the quencher is more difficult to reach 
at low temperatures. Similar behavior of quantum yield was observed in 
LHCII upon aggregation in vitro (Ruban, Dekker et al. 1995), however 
the pronounced red-shift of the LHCII emission from 5 K to room 
temperature is not observed in IsiA (Ihalainen, D’Haene et al. 2005). A 
close association of some chlorophyll molecules due to aggregation as in 
LHCII is then not occurring in IsiA. 

Time-resolved emission measurements at different temperatures 
of IsiA aggregates indicate that, differently to monomeric CP43 and 
CP47 at 77 K (de Weerd, van Stokkum et al. 2002), they have a great 
capacity to dissipate the light energy even at cryogenic temperatures 
(van der Weij-de Wit, Ihalainen et al. 2007). IsiA aggregates with an 
average decay lifetime of 144 ps have a much shorter fluorescence 
lifetime than other chlorophyll-containing proteins, such as LHCII 
trimers and small aggregates, which is visible from streak camera images 
in Figure 3 (Mullineaux, Pascal et al. 1993, Barzda, Gulbinas et al. 2001, 
Ihalainen, D’Haene et al. 2005). Since similar properties were observed 
in isolated IsiA aggregates as in cells, IsiA offers the possibility to study 
a photosynthetic antenna forming large aggregates in vitro and in vivo. 
This is in contrast to the three-dimensional LHCII aggregates from 
higher plants, which have to be artificially induced (Mullet and Arntzen 
1980) to study the effect of aggregation (Horton, Ruban et al. 1991, 
Horton, Wentworth et al. 2005, Standfuss, Terwisscha van Scheltinga et 
al. 2005) since heterogeneity in vivo does not allow the comparison with 
the isolated forms.

5.6. Role of carotenoids in photoprotection
The mechanism of energy dissipation in IsiA is similar to LHCII 

(Ruban, Berera et al. 2007) and artificial caroteno-phthalocyanine 
dyads (Berera, Herrero et al. 2006), where a low-lying S1 state of a 
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carotenoid acts as energy sink (Polívka, Zigmantas et al. 2002). Time-
resolved absorption measurements on IsiA aggregates have shown that a 
carotenoid S1 state is involved in the chlorophyll quenching (Berera, van 
Stokkum et al. 2009). IsiA showed to have a similar species-associated 
difference spectrum (SADS) of the quencher compared to dyads and 
LHCII. The conjugation length of the carotenoid seems to have an 
important role in its ability to quench. The dyad with zinc phthalocyanine 
covalently linked to a carotenoid of 11 conjugated carbon-carbon 
double bounds has showed the strongest ability to quench compared to 
dyads with a carotenoid of 9 and 10 double bound (Berera, Herrero et 
al. 2006). In LHCII the conversion of violaxanthin, a carotenoid with 9 
double bounds, into zeaxanthin with a longer conjugation length of 11 
double bounds is one of the key steps in the activation of the quenching 
of chlorophyll fluorescence without photochemical charge separation 
(Jahns, Latowski et al. 2009). However the carotenoid dissipating light 
energy is not zeaxanthin as first suggested (Frank, Cua et al. 1994) 
but rather lutein with 10 double bounds (Ruban, Berera et al. 2007). 
IsiA binds three types of carotenoid pigments (β-carotene, echinenone 
and zeaxanthin molecules) and in theory all carotenoids in IsiA could 
all act as quencher (11 double bounds in zeaxanthin and β-carotene, 
12 in echinenone) having S1 states with energies lower than that of 
chlorophylls. The spectrum of the quencher with absorption around 
500 nm indicated that echinenone is probably involved in the energy 
dissipation of IsiA. However IsiA isolated from carotenoid mutants 
showed that when echinenone is lacking and replaced by a β-carotene 
the quenching properties of IsiA are not affected and similarly in IsiA 

Figure 3: Streak camera images of IsiA and LHCII aggregates and 
LHCII trimers (courtesy of J. Ihalainen).



143

Chapter IV

without zeaxanthin (Chapter II of this thesis). There might be more than 
one carotenoid involved in IsiA quenching as suggested by the ability of 
IsiA to dissipate light energy at low temperature (van der Weij-de Wit, 
Ihalainen et al. 2007).

Recent results from stark fluorescence spectroscopy showed the 
evidence that the chlorophyll to carotenoid interaction has a charge 
transfer character (Wahadoszamen, D’Haene et al. 2015). The effect of 
the applied field on the fluorescence spectrum, known as the Stark effect, 
revealed a new emitting state at 730 nm with a large charge transfer 
character, next to the one also visible without applied field at 684 nm. It 
suggests that energy dissipation takes place via a low-lying Car singlet state 
(S1) and an intramolecular charge transfer (ICT) state (Wahadoszamen, 
D’Haene et al. 2015). Stark fluorescence spectroscopy indicated a similar 
mechanism in LHCII from higher plants (Wahadoszamen, Berera et al. 
2012) and FCPs antenna from diatoms (Wahadoszamen, Ghazaryan et 
al. 2014), which contain fucoxanthins as carotenoid pigment and show 
a NPQ stronger than in higher plants (Ruban, Lavaud et al. 2004). Non-
photochemical quenching has evolved with photosynthetic organisms 
but common strategies are found (Niyogi and Truong 2013). The 
importance of carotenoids is a general feature. 

5.7. Other mechanisms
Yet some other mechanisms of photoprotection have been 

described in photosynthetic organisms. In one hypothesis energy 
dissipation implies the formation of a carotenoid (radical) cation 
(Dreuw, Fleming et al. 2003, Holt, Zigmantas et al. 2005, Ahn, Avenson 
et al. 2008, Amarie, Wilk et al. 2009, Avenson, Ahn et al. 2009). Excitonic 
interaction between chlorophyll and carotenoid has also been suggested 
(Bode, Quentmeier et al. 2009). NPQ has also been explained in LHCII 
via chlorophyll-chlorophyll interaction (Miloslavina, Wehner et al. 
2008, Müller, Lambrev et al. 2010). Another process of quenching via 
a chlorophyll and an amino acid with an aromatic group was described 
with a tryptophan in PSII (Vavilin, Ermakova-Gerdes et al. 1999) and 
a tyrosine in cytochrome b6f (Peterman, Wenk et al. 1998, Dashdorj, 
Zhang et al. 2005). Accumulation of carotenoids in the membrane might 
also play an important role in photoprotection (Masamoto, Zsiros et al. 
1999, Ivanov, Krol et al. 2007, Xu, Tian et al. 2015).
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5.8. Other proteins involved in photoprotection
Processes of photoprotection in cyanobacteria involve more than 

few proteins. Under iron deficiency another protein was found to be 
synthesized, the Iron deficiency induced Protein A, IdiA (Michel, Exss-
Sonne et al. 1998, Yousef, Pistorius et al. 2003, Michel and Pistorius 2004). 
This protein of about 330 amino acid residues was found to associate to 
PSII (Lax, Arteni et al. 2007). Next to its function as ABC-type iron and 
manganese transporter (Bartsevich and Pakrasi 1995, Bartsevich and 
Pakrasi 1996, Michel, Exss-Sonne et al. 1998, Katoh, Hagino et al. 2001, 
Katoh, Hagino et al. 2001), it plays a role against oxidative damage in 
protecting the acceptor side of PSII.

Indeed HLIPs, High Light Inducible Proteins or SCPs, Small CAB-
like Proteins, also protect the cell against high irradiances and similarly 
to IsiA by energy dissipation of chlorophyll via a carotenoid S1 state (He, 
Dolganov et al. 2001, Havaux, Guedeney et al. 2003, Wang, Jantaro et al. 
2008, Sinha, Komenda et al. 2012, Kirilovsky 2015, Staleva, Komenda 
et al. 2015). These chlorophyll binding single-helix polypeptides are 
considered to be ancestor of LHC of higher plants (Dolganov, Bhaya et 
al. 1995, Engelken, Brinkmann et al. 2010, Neilson and Durnford 2010). 
They have been found to interact with PSII and to be involved in its 
assembly and repair (Vavilin, Yao et al. 2007, Yao, Kieselbach et al. 2007, 
Chidgey, Linhartová et al. 2014, Knoppová, Sobotka et al. 2014). 

In prochlorophytes, Pcb, a homologue of IsiA, is synthesized 
under low light conditions to act as an additional light harvesting 
antenna but is also able of NPQ under iron depletion conditions or high 
light for certain strains (Bailey, Mann et al. 2005, Durchan, Herbstová et 
al. 2010, Herbstová, Litvín et al. 2010). Isolated Pcb from Prochlorothrix 
hollandica, similarly to IsiA aggregates, was found to have short decay 
lifetime with a carotenoid, probably zeaxanthin, quenching the excited 
state of chlorophyll a and therefore acting in photoprotection (Durchan, 
Herbstová et al. 2010).

OCP, as previously discussed above plays an important role in 
photoprotection. Differently with IsiA, it is always present but actually 
more expressed in cells under iron stress (Wilson, Boulay et al. 2007) 
and other stress conditions such as high light (Hihara, Kamei et al. 
2001) high salt (Fulda, Mikkat et al. 2006), increasing the NPQ to 
protect the cell. But differently to OCP, IsiA formation is not trigged by 
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blue light like first thought (Cadoret, Demoulière et al. 2004). Indeed 
a mutant deficient in IsiA is still able to perform non-photochemical 
quenching under blue light, while it is not the case for a mutant without 
OCP (Wilson, Boulay et al. 2007). Compared to IsiA, OCP allows a 
rapid quenching via phycobilisomes by its fast light activation (Wilson, 
Punginelli et al. 2008). Contrarily, even if light energy dissipation 
through IsiA can be also triggered by high light, it is not as dynamic 
and reversible than with OCP since quenching through IsiA involves 
first the activation of its synthesis. In other words, IsiA does not act as a 
molecular switch like OCP, shifting from inactivated into activated form 
(Berera, van Stokkum et al. 2012), because IsiA is always quenched.

6. DUAL FUNCTION
6.1. Function according to association

It might be hard to believe that a single protein can have two 
opposite functions such as light energy transfer and dissipation. 
However in higher plants LHCII seems able to serve those two functions 
as it is known as an antenna of PSII but also has been shown to be able 
of quenching. These two functions have to be linked to allow proper 
energy regulation. It is logical then that to obtain an efficient regulation 
the same protein acts as antenna or quencher. Both functions depend 
on the association of the antenna with a photosystem. When not 
connected to a photosystem, IsiA can act as an energy dissipater and 
when surrounding PSI, it can efficiently harvest light.

6.2. From light harvesting to energy dissipation
The transcription of the isiA gene and its encoded protein can be 

detected in cells under high light stress after 5-8h (Havaux, Guedeney 
et al. 2005). IsiA synthesis under iron stress occurs approximately in the 
same time-scale depending on growth conditions and species (Ivanov, 
Krol et al. 2006, Fraser, Tulk et al. 2013). 

IsiA presence and association can be monitored by fluorescence 
at cryogenic temperatures of cells of Synechocystis sp. PCC 6803 (van 
der Weij-de Wit, Ihalainen et al. 2007) and Synechococcus sp. PCC 7942 
(Guikema and Sherman 1984, Sandström, Ivanov et al. 2002) when 
measured as a function of time under growth without iron as seen in 
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Figure 4. Similarly to the low emission yield at cryogenic temperatures 
of IsiA in isolated PSI-IsiA, in cells, IsiA when connected to PSI has 
an emission yield too low to be visible but it induces a blue-shift of the 
PSI emission. The light energy from IsiA is mainly transferred to PSI. 
All IsiA in the beginning of its synthesis will associate with PSI. In the 
first moments of iron stress, the imbalance of photosystems is solved 
by increasing the size of PSI to harvest more efficiently light energy. 
After transfer to iron-depleted medium for about 12-24 h, there is not 
energy dissipation, while IsiA is present (Guikema and Sherman 1984, 
Sandström, Ivanov et al. 2002).

The ratio unbound to bound IsiA with PSI increases with the 
stress duration. After a couple of days of growth under iron depletion 
the synthesis of IsiA becomes more noticeable by the appearance of the 
characteristic emission peak around 686 nm at 5 K (Figure 4). Indeed 
IsiA aggregates when not bound to PSI have a high emission yield at 
low temperature since there is no energy transfer to a photosystem. 
IsiA aggregates start to accumulate and its emission band at 686 nm is 
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Figure 4: Emission spectra at 5 K with 420 nm excitation of 
Synechocystis sp. PCC 6803 cells after growth under iron depletion 
at time 0, after 1, 2, 3, 5 days, with additionally, normalized at 686 nm 
to the maximum of IsiA peak of 5 days cells, the emission spectra of 
isolated membranes and IsiA aggregates from the psaFJ-null mutant 
after 40 days without iron.
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clearly present in the emission spectrum of cells after 3 days. The visible 
decrease of PSI and increase of IsiA synthesis have for results that IsiA 
is in excess of what is needed to harvest light to PSI. It means that light 
harvesting and photoprotection are both important in the early stage of 
iron deficiency. 

If the stress is prolonged the emission of cells indicates that IsiA 
is the main chlorophyll protein present since the spectrum is identical 
to isolated IsiA aggregates as shown earlier (Ihalainen, D’Haene et 
al. 2005) and in Figure 4, where the emission at 5 K is normalized at 
686 nm to compare isolated IsiA aggregates and membranes from 
cells after 40 days of growth under iron depletion. The only difference 
between membranes from cells after prolonged iron depletion and IsiA 
aggregates is the presence of free chlorophyll a due to the isolation 
procedure. IsiA in the cell is then obviously solely acting as energy 
dissipater. Its function is then mainly to photoprotect the stressed cells 
for their survival. We should note that cells under iron stress turn brown 
indicating an increase in carotenoid content, which might also play a 
role as a sunscreen protection.

6.3. Presence of IsiA monomers
Another mechanisms for cyanobacteria to adapt to changing 

light conditions is by adjusting the size of its light harvesting, the 
phycobilisome rods (Lönneborg, Lind et al. 1985). IsiA is able to form 
a large variety of complexes but energy regulation by modification of 
the size of IsiA complexes has not been demonstrated. Additionally to 
IsiA aggregates, monomers are also found in the thylakoid membrane 
(Chapter III of this thesis). Their presence seems more prominent in 
cells grown under short than long iron stress. They probably correspond 
to newly synthesized IsiA that will form aggregates depending on its 
concentration and binding affinity to form rings and aggregates. The 
spectral properties of monomers have been investigated and showed a 
lower ability to dissipate light energy by comparison to the aggregated 
form. A lower carotenoid content, more precisely the lack of one 
β-carotene per monomer has also been found that could explain this 
behavior. Either the missing carotenoid is integrated when IsiA forms 
aggregates or it is lost through the isolation procedure remains to be 
demonstrated. While in higher plants the aggregation of LHCII was 
shown to have an effect on its quenching properties (Horton, Wentworth 
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et al. 2005), the role of monomeric IsiA has still to be investigated. The 
size of IsiA complexes depends most probably on IsiA synthesis, which 
seems more likely to be the main regulation of the energy transfer or 
dissipation processes.

6.4. Energy dissipation in PSI-IsiA
The strong ability of IsiA to dissipate light energy can suggest 

that the quenching mechanism in IsiA might compete with the process 
of light harvesting in PSI-IsiA. Trimeric PSI trapping time is of about 
20 ps in Synechococcus sp. PCC 7942 and 50 ps in Spirulina platentis 
(Gobets and van Grondelle 2001). If the association with 18 IsiA 
subunits around a PSI trimer lengthens the trapping time two-fold (40 
ps in Synechococcus and 43 ps in Synechocystis) it is still much shorter 
than the decay fluorescence lifetime of about 144 ps in IsiA aggregates 
(Ihalainen, D’Haene et al. 2005). The trapping being faster and the ring 
of 18 IsiA being smaller than the average size of IsiA aggregates, there 
is less than 23% of energy dissipation that is taking place in such a PSI-
IsiA complex. However with an increase of IsiA size relative to PSI, as 
in complexes with IsiA double rings around PSI monomer, the trapping 
times will increase and as a consequence the part of light energy being 
dissipated.

6.5. Close contact of IsiA with PSI in all PSI-IsiA complexes
Moreover, IsiA rings flexibility allows a tight association with PSI 

in all the types of observed PSI-IsiA complexes (half, single, double 
ring around PSI trimers or PSI monomers). This flexibility is needed to 
obtain all PSI complexes connected to IsiA. The association of IsiA with 
PSI depends on the availability of this photosystem and therefore IsiA 
acts as an antenna if enough complexes are present. IsiA concentration 
will increase to form first partial ring, then single and finally double 
rings around PSI trimers and then monomers. IsiA in excess in the 
thylakoid membrane cannot act as light harvesting antenna if there is 
no close contact to a photosystem.

6.6. Membrane organization
The organization of photosynthetic proteins in the thylakoid 

membrane of cyanobacteria is less well-known (Vermaas, Timlin et 



149

Chapter IV

al. 2008, Liberton, Collins et al. 2013, Steinbach, Schubert et al. 2015) 
compared to higher plants (Dekker and Boekema 2005, Sznee, Dekker 
et al. 2011, Wood, MacGregor-Chatwin et al. 2018). It is however an 
important information when considering that energy regulation 
depends on the way the proteins are organized in the membrane (Bald, 
Kruip et al. 1996). Under iron stress there is probably a rearrangement 
of the thylakoid membrane since the content and arrangement of PSI is 
modified and the state I predominates with PSII forming rows (Vernotte, 
Astier et al. 1990, Ivanov, Krol et al. 2006).

IsiA organization could be hypothetically compared to membrane 
antenna rings of LH1 and LH2 of the anoxygenic purple bacteria, 
where energy transfer from LH2 (absorption around 800 nm) to the 
LH1-RC (870 - 880 nm) complexes occurs. In a similar way to purple 
bacteria where antenna rings are tightly packed and show high-range 
organization in rows (Bahatyrova, Frese et al. 2004), the photosynthetic 
membrane of cyanobacteria could be arranged in domains. IsiA with 
its ability to form various complexes have a more diverse size than 
in the case of LH2 and LH1 of purple bacteria. As a result a highly 
homogeneous organization is less likely to occur. 

A tight packing of IsiA rings could imply a possible energy 
transfer to nearby complexes, if this process is fast enough to compete 
with energy dissipation. However energy transfer from IsiA to PSI is 
faster than to possible neighboring PSII. Under iron stress the NPQ of 
cells increases and in these circumstances the photoprotective role of 
IsiA towards PSII is more important than a possible role of IsiA as light 
harvesting. The dual function of IsiA suggests its presence near domains 
with PSII rows fulfilling a protective role and in other regions where it is 
mainly associated with PSI acting as a light harvesting antenna. 

6.7. IsiA mobility and energy transfer
IsiA has been shown to play a role in state transitions. One 

hypothesis involves phycobilisomes detachment from the reaction 
centers and their association with free IsiA to increase the NPQ (Joshua, 
Bailey et al. 2005). In cells with a lower phycobilisomes content, the 
role of IsiA in energy regulation by replacing the phycobilisomes in 
state transitions via spillover, which is characterized by energy transfer 
through association and dissociation between PSI and PSII, could also 
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be considered. While PSII appears immobile, mobility of unconnected 
IsiA has been observed in cells by FRAP, Fluorescence Recovery After 
Photobleaching (Sarcina and Mullineaux 2004). In higher plants, 
energy transfer between PSII and PSI has been deduced from the 
observation of isolated PSI associated with the antenna of PSII, LHCII 
(Kouřil, Zygadlo et al. 2005). However, IsiA association with PSII, even 
if proposed, has never been demonstrated (Falk, Samson et al. 1995). 
Moreover IsiA association to PSI seems very stable since complexes 
cannot be dissociated by the use of mild detergent. It suggests that IsiA 
affinity with PSI is high and as a consequence IsiA binding to all the 
available PSI occurs preferably. Regulation by dissociation from PSI and 
association to PSII is then not conceivable. However the group of Wang 
and co-workers has isolated and identified by protein immunoblotting 
an intriguing PSI-PSII supercomplex associated to IsiA in Synechocystis 
sp. PCC 6803 (Wang, Hall et al. 2010). The fluorescence at 77 K of PSI-
PSII-IsiA is very similar to PSI-IsiA supercomplexes with an emission 
spectrum peaking at 684 nm, identified as PSII, and 718 nm, which 
corresponds to PSI with a red shift of 1 nm compared to the isolated 
PSI-IsiA. There are currently no microscopic analysis or further 
characterization available on this supercomplex.

6.8. IsiA as chlorophyll storage
IsiA function as chlorophyll pool has been given as a hypothetical 

additional function of IsiA during the down-regulation of the 
photosynthetic apparatus. Cells deficient in IsiA synthesis showed 
slower recovery upon iron addition following deprivation (Burnap, 
Troyan et al. 1993, Falk, Samson et al. 1995). When gabaculine, a 
chlorophyll synthesis inhibitor, was used cells recovery was not affected 
(Riethman and Sherman 1988). However with carboxymethoxylamine 
to block chlorophyll synthesis, there is no recovery when iron is added 
to the growth medium showing that of IsiA is not used as a chlorophyll 
storage (Park, Sandström et al. 1999).

6.9. Characterization of Pcb
IsiA, like CP43 and CP47, normally binds chlorophyll a, although it 

can be induced to bind some chlorophyll b when the gene for the enzyme 
chlorophyll a oxigenase (cao gene) is engineered into cyanobacteria 
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(Satoh, Ikeuchi et al. 2001, Duncan, Bibby et al. 2003). The Pcb protein 
from prochlorophytes contains chlorophyll a and chlorophyll b naturally 
and in the CBP protein family it is the only protein where chlorophyll 
b is present. The difference in pigment composition could bring some 
key information on the chlorophylls involved in energy transfer or/and 
energy dissipation. Therefore the light energy transfer and dissipation 
mechanisms in these two CP43-like proteins with chlorophyll b should 
be investigated.

6.10. Conclusion
Considering that cyanobacteria are the ancestor of oxygenic 

photosynthetic organisms and the singular features of IsiA, this pigment-
binding protein holds the attention. Under stress condition IsiA plays a 
vital role. This membrane protein can form various types of complexes 
according to the amount synthesized. Depending on its association or 
not to PSI, IsiA is able to perform the two essential functions of light 
harvesting and photoprotection.

IsiA is a flexible protein that can assemble in rings of various sizes 
with PSI to increase its light harvesting efficiency when its synthesis 
is affected by iron limitation or other stress. The ring shape formed 
around PSI offer a potential easier observation of the membrane 
organization in cyanobacteria. The PSI and PSII distribution is less 
difficult to visualize under conditions of IsiA synthesis since the large 
phycobilisomes covering them are less present. IsiA has a high affinity 
with PSI but possible interaction of IsiA with neighboring proteins such 
as phycobilisomes or PSII remains to be investigated. Models using the 
known structure of CP43 were proposed but considering their pigment 
composition and spectral differences, there is no indication that they are 
accurate (Bibby, Nield et al. 2001, Nield, Morris et al. 2003, Melkozernov, 
Barber et al. 2006, Zhang, Chen et al. 2010). The close association of IsiA 
with PSI trimers and PSI monomers implies a different interaction in the 
various complexes observed that can influence the energy transfer since 
the pigment position and orientation is determinant. Since complexes 
with identical ring size are challenging to purify, due to the inherent 
heterogeneity within the cells, it is difficult to resolve the structure by 
X-ray crystallography. Despite a possible purification of PSI monomers 
with IsiA with a ring of 12, 13 subunits or a double ring, it can be assumed 
that the chlorophylls are positioned in a close network allowing efficient 
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energy transfer. Indeed the trimeric PSI with 18 subunits is not always 
the main arrangement with IsiA in the cell and measurements most 
probably include some complexes heterogeneity.

IsiA is shown to be present under stress conditions but a survey of 
its synthesis in natural environment should be performed since limiting 
growth conditions in nature are not exceptional but more of a frequent 
situation (Geiß, Selig et al. 2004, Schrader, Milligan et al. 2011). In 
addition the photoprotective function of IsiA under high light suggests 
that its presence and activity could be of a significant importance in 
cyanobacteria. The accumulation of IsiA in the membrane results in 
large oligomers that constantly dissipate light energy to protect the cell. 
By forming large two-dimensional complexes that become the main 
photosynthetic protein in the cell, this CP43-like protein allows the 
study of in vivo energy dissipation. The importance of carotenoids has 
been demonstrated and in particular, differently to LHCII, a peripheral 
β-carotene seems to play an important role.

Note
From the recent structure of PSI-IsiA supercomplex resolved at 

3.5 Å using single-particle cryo-electron microscopy (Toporik, Li et al. 
2019) published after the review of this thesis, we can add some essential 
information to the previous note in Chapter III.

The details given by the structure allow a very precise view of the 
IsiA arrangement around trimeric PSI, which forms a supercomplex 
with a diameter of 300 Å and a height of 110 Å. It shows that the IsiA 
transmembrane helices V and VI have more distance to PSI than in 
the previous models. However, differently to CP43, IsiA binds more 
chlorophylls and carotenoids. With a total of 591 chlorophylls, it 
forms the largest known pigment-binding supercomplex. The pigment 
composition given in this thesis from pigment analysis and spectral 
measurements is very close to the 17 chlorophylls and 4 carotenoids per 
IsiA subunit now made visible by Toporik and co-workers. The stromal 
side shows strong connectivity of the pigments forming an atypical 
asymmetry with the luminal side in comparison to antennae from the 
chloroplast. The pigment positions and flexibility found in the IsiA 
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structure confirm its dual function, its ability to efficiently harvest and 
transfer energy to PSI and to dissipate energy in excess.
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ABSTRACT 

 A characteristic feature of the active Photosystem II 
(PSII) complex is a red-shifted low temperature fluorescence 
emission at about 693 nm. The origin of this emission has been 
attributed to a monomeric ‘red’ chlorophyll molecule located 
in the CP47 subunit. However, the identity and function of 
this chlorophyll remain uncertain. In our previous work, 
we could not detect the red PSII emission in a mutant of the 
cyanobacterium Synechocystis sp. PCC 6803 lacking PsbH, a 
small transmembrane subunit bound to CP47. However, it has 
not been clear whether the PsbH is structurally essential for 
the red emission or the observed effect of mutation has been 
indirectly caused by compromised PSII stability and function. 
In the present work we performed a detailed spectroscopic 
characterization of PSII in cells of a mutant lacking PsbH and 
Photosystem I and we also characterized PSII core complexes 
isolated from this mutant. In addition, we purified and 
characterized the CP47 assembly modules containing and 
lacking PsbH. The results clearly confirm an essential role of 
PsbH in the origin of the PSII red emission and also demonstrate 
that PsbH stabilizes the binding of one β-carotene molecule in 
PSII. Crystal structures of the cyanobacterial PSII show that 
PsbH directly interacts with a single monomeric chlorophyll 
ligated by the histidine 114 residue of CP47 and we conclude 
that this peripheral chlorophyll hydrogen-bonded to PsbH 
is responsible for the red fluorescence state of CP47. Given 
the proximity of β-carotene this state could participate in the 
dissipation of excessive light energy.
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1. INTRODUCTION
Photosynthetic organisms have optimized their pigment-

containing proteins in order to be able to adapt to the fluctuating 
light energy from the sun. This optimization requires being able to 
efficiently harvest light under all conditions and to dissipate light 
energy excess in order to protect the photosynthetic machinery against 
dangerous reactive oxygen species. CP47 and CP43 are core antenna 
proteins of Photosystem II (PSII). Next to Photosystem I (PSI), PSII 
is the major chlorophyll (Chl)-binding reaction center (RC) complex 
in photosynthetic organisms performing water splitting. By their close 
association with the RC that performs charge separation, CP43 and 
CP47 play a key role in the transfer of excitation energy from the outer 
antennae to the RC. 

Unlike CP43, the core antenna CP47 has been found to display 
a particular red-absorbing state in PSII (Nakatani, Ke et al. 1984, van 
Dorssen, Breton et al. 1987), however the role and localization of this 
state with lower energy are not well-defined. The red-shifted spectral 
property of CP47 provides a slightly broader absorption cross-section 
and it has been suggested that the red Chl could play a role in the energy 
transfer to the RC and prevent oxidation when RC reaches saturation. 
The presence of long-wavelength Chls is mostly found in PSI with its 
characteristic absorption above 700 nm. While PSII is highly conserved 
among photosynthetic organisms, some species of cyanobacteria 
possess several far more red Chls in the PSI complex (Gobets and van 
Grondelle 2001) than higher plants, which have the red forms localized 
in LHCI antenna connected to PSI (Croce, Zucchelli et al. 1998, Ben-
Shem, Frolow et al. 2003).

The red absorption and emission bands observed in isolated PSII 
core complexes and CP47 correspond to the oscillator strength of a 
single Chl a (Nakatani, Ke et al. 1984, van Dorssen, Breton et al. 1987, 
Andrizhiyevskaya, Chojnicka et al. 2005). Two hypotheses explaining 
its localization and related function have been brought forward. One 
assumes that the red state participates in energy transfer to RC and 
is therefore localized nearby (Reppert, Acharya et al. 2010), while 
the second hypothesis attributes the red state to a peripheral Chl and 
regulates the light energy utilization (Raszewski and Renger 2008). 
Based on site-directed mutagenesis of putative ligands to Chls in CP47, 
Shen and Vermaas have proposed that either Chl a 623 (numbering 
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according to PDB deposited PSII structure with accession number 
3ARC), coordinated by histidine (His) 23, or Chl a 627 by His 114, is 
the pigment responsible for red emission of CP47 (Shen and Vermaas 
1994). As both Chls are located at the periphery, their role in energy 
dissipation should be envisaged.

Based on biochemical data and crystal structures (Boehm, Romero 
et al. 2011, Umena, Kawakami et al. 2011) the CP47 protein binds not 
only pigments but also several small transmembrane subunits. One of 
them, PsbH is a single transmembrane helix subunit that is important 
for the proper function of PSII and its stable assembly. In the psbH 
deletion mutant (DPsbH), retardation of PSII electron transfer between 
the quinone acceptors QA and QB (Mayes, Dubbs et al. 1993) and 
destabilization of the CP47 antenna binding within the isolated PSII 
core (Komenda, Lupínková et al. 2002) have been observed. The absence 
of PsbH has also been shown to decrease the efficiency of the PSII repair 
cycle and cause oxidative damage to PSII proteins (Komenda and Barber 
1995, Komenda, Lupínková et al. 2002, Bergantino, Brunetta et al. 2003, 
Komenda, Štys et al. 2003). Clear native (CN) gel electrophoresis protein 
analysis of the DPsbH cells in combination with radioactive labeling has 
also shown a limitation in the synthesis of CP47 (Komenda, Tichý et al. 
2005).

The PsbH protein does not directly ligate magnesium atoms of 
Chls but the crystal structure suggests that its threonine (Thr) 5 residue 
forms a hydrogen bond with the 131-keto group of Chl a 627 (Loll, Kern 
et al. 2005, Müh, Renger et al. 2008) and the protein also interacts with 
Chl 620, a member of a Chl trimer. Study of the autotrophically grown 
DPsbH strain of Synechocystis has revealed no Chl fluorescence emission 
at 693 nm from the mutant PSII core complex separated by CN-PAGE 
and measured at 77 K directly in gel. In contrast, this emission band 
was present in the PSII core complex of wild type (WT) (Komenda, 
Tichý et al. 2005). Since the autotrophic mutant cells exhibited almost 
no PSII activity (Komenda, Tichý et al. 2005), the absence of red Chl 
fluorescence was ascribed to inactive PSII centers since light-inactivated 
PSII core complexes also show the loss of the 693 nm Chl fluorescence 
without being disassembled (Sinha, Komenda et al. 2012). However, 
another explanation for the loss of the red Chl fluorescence state could 
be a direct or indirect modification of the environment of the red Chl 
through the PsbH deletion. In the present study we analyzed the spectral 
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properties of cells and isolated PSII core complexes both containing and 
lacking PsbH to clarify the reason for the red fluorescence loss. We used 
a strain lacking PSI to avoid a possible interference from contaminating 
PSI, which contains more than 80% of Chl in WT cells of Synechocystis 
(Shen, Boussiba et al. 1993). The obtained data allowed us to identify 
with certitude the red emitting Chl as Chl a 627 of CP47 and gave us 
support to some of the earlier theories on the role of the red state of this 
core antenna in excess energy dissipation.

2. MATERIAL AND METHODS
2.1. Strains and their cultivations

The glucose-tolerant strain Synechocystis sp. PCC 6803 referred to 
as WT, and the previously constructed PSI-less mutant (ΔPSI) with both 
psaA and psaB replaced by a chloramphenicol resistance cassette (Shen, 
Boussiba et al. 1993) and its PsbH-less (∆PSI/∆PsbH) variant were 
used in experiments. The PSI-less mutant lacking PsbH was prepared 
by transformation of ΔPSI using DNA isolated from PsbH-less strain 
IC7 (Mayes, Dubbs et al. 1993) with psbH gene replaced by kanamycin 
resistance cassette. The His-PsbH/ΔPsbH/ΔPsbE/ΔFtsH2 strain was 
constructed by transformation of the His-PsbH/ΔPsbH strain (Bumba, 
Tichý et al. 2005) using chromosomal DNA isolated from the ΔPsbE 
strain (Komenda, Reisinger et al. 2004). In the next step, the ftsH2 
(slr0228) gene was inactivated in the fully segregated His-PsbH/ΔPsbH/
ΔPsbE strain employing the ΔftsH2 construct as described previously 
(Komenda, Barker et al. 2006). To prepare the His-CP47/ΔD1/ΔFtsH2/
ΔPsbH mutant the psbH gene (nucleotide 17-159) was replaced in the 
His-CP47/ΔD1/ΔFtsH2 strain (Boehm, Romero et al. 2011) by the 
zeocine resistance cassette using the megaprimer PCR method (Lee, Lee 
et al. 2004). Complete segregation of all mutants was checked by PCR. 

The strains were grown in BG-11 containing 5 mM glucose. Solid 
media contained in addition 10 mM TES/NaOH, pH 8.2, 1.5% agar and 
0.3% sodium thiosulphate. 100-200 mL liquid cultures were grown at 
29 °C with shaking and a surface irradiance of 5 µmol photons.m-2.s-1 of 
white light.
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2.2. Preparation of PSII core complexes and size exclusion 
chromatography

For chromatographic separation of PSII core complexes cells were 
disrupted by French pressure cell press at 11,000 psi (or 7.6 x 107 Pa) 
after suspension in mannitol buffer (250 mM mannitol, 50 mM Bis-
Tris pH 6.5, 10 mM NaCl, 5 mM EDTA, 5 mM KH2PO4/K2HPO4) with 
the addition of protease inhibitors (1 mM benzamidine, 1 mM caproic 
acid) and DNAse (few crystals). The preparation was further kept on 
ice or at 4°C. Unbroken cells were pelleted at 500 g for 5 min and the 
remaining thylakoid suspension was washed two times against β-BTT 
buffer (20 mM Bis-Tris pH 7, 20 mM NaCl, 10 mM MgCl2, 1.5% taurine, 
0.03% (w/v) n-dodecyl β-D-maltoside (β-DM)) by centrifugation at 
200,000 g for 30 min to remove phycobilisomes. Chl concentration 
was determined by pigments extraction with 80% (v/v) acetone/
water followed by centrifugation at 9,000 g according to Porra (Porra, 
Thompson et al. 1989). The thylakoid membranes at about 0.1 mg/mL 
Chl were solubilized with 0.1% β-DM (10% (w/w) solution), using a 
vortex, then a few minutes of incubation and finally centrifugation for 
3 min at 9,000 g.

Solubilized proteins and isolated PSII dimers and monomers 
from spinach prepared as described earlier (van Leeuwen, Nieveen et 
al. 1991, Dekker, Germano et al. 2002) were subjected to size exclusion 
chromatography (SEC) using a Superdex 200 HR 10/30 column 
(Pharmacia), which was equilibrated in β-BTT buffer, running at a flow 
of 0.45 mL/min on a Shimadzu SPD-M10A system with an on-line 
diode array detector. 

2.3.Purification and analysis of the CP47 assembly module
His-PsbH/ΔPsbH/ΔPsbE/ΔFtsH2 and His-CP47/ΔD1/ΔFtsH2/

ΔPsbH cells (2 L) were broken by bead-beating in 25 mM Na-Phosphate 
buffer, pH 7.5, 50 mM NaCl, 10% glycerol. Membranes were harvested by 
centrifuging, then washed and resuspended in the identical phosphate 
buffer. Membranes were solubilized with 1% β-DM (w/v) for 1 mg/mL 
Chl. The CP47m and CP47m/ΔPsbH complexes were purified using 
nickel affinity chromatography (Protino Ni-NTA Agarose, Macherey-
Nagel, Germany) and the obtained eluates were injected into an Agilent 
1200 HPLC system and separated on a Yarra 3000 column (Phenomenex) 
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using 25 mM MES buffer at pH 6.5 containing 0.04% β-DM, at a flow 
rate of 0.2 mL/min and at 10 °C. Fractions were collected using an 
Agilent-1200 fraction collector. Pigment composition of the isolated 
complexes (9.4 mL) was determined essentially as described by Chidgey 
and co-workers (Chidgey, Linhartová et al. 2014).

2.4. Absorption and fluorescence measurements
Absorption spectra of cells were recorded by a spectrophotometer 

Lambda 40 from Perkin Elmer. In order to obtain a transparent sample 
at 77 K, glycerol was mixed with concentrated sample buffer to adjust the 
final concentration to 60% (v/v) after addition to the samples. Absorption 
spectra of isolated CP47 modules in gel were measured using a Shimadzu 
UV3000 spectrophotometer. The fluorescence emission and excitation 
in cells and isolated core complexes were recorded inside an Oxford 
Optistat nitrogen bath cryostat and by a commercial spectrofluorometer 
Fluorolog-3 from Horiba Scientific Jobin Yvon. Fluorescence of the 
isolated CP47 modules both in solution and in gel was measured using 
an Aminco Bowman Series 2 luminescence spectrometer (Spectronic 
Unicam) as described by Sinha and co-workers (Sinha, Komenda et al. 
2012).

2.5.CN-PAGE and SDS-PAGE
Cyanobacterial membranes for native electrophoretic analysis 

were prepared by breaking the cells using glass beads (Komenda and 
Barber 1995) with the modifications described by Dobáková and co-
workers (Dobáková, Sobotka et al. 2009). The protein complexes were 
isolated from the thylakoid membranes by solubilization with 1% β-DM 
(w/v) for 0.25 mg/mL Chl and analyzed by CN gel electrophoresis 
at 4ºC in a 4-14% gradient polyacrylamide gel with 0.05% sodium 
deoxycholate and 0.02% β-DM in the upper electrophoretic buffer 
(Wittig and Schägger 2008). Samples with the same Chl content (5 µg of 
Chl) were loaded into the gel. The protein composition of the complexes 
was analyzed by SDS-PAGE in a denaturing 12-20% linear gradient 
polyacrylamide gel containing 7 M urea and the identity of CP47 was 
confirmed by immunoblotting using a specific antibody (Komenda, 
Sobotka et al. 2012).
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3. RESULTS
3.1.Spectroscopic properties of cells of ∆PSI and ∆PSI/∆PsbH 

strains
By overlaying the absorption spectra of cells of both ∆PSI and 

∆PSI/∆PsbH mutants recorded at 77 K, we can compare their pigment 
composition (Figure 1-A). In comparison of both cells without PSI, 
the strain lacking PsbH shows a higher phycobilisomes to Chl ratio. 
Since phycobilisomes transfer energy mostly to PSII, their higher level 
could represent a compensation mechanism to a severe limitation in 
the electron transfer from PSII caused by the absence of PsbH (Mayes, 
Dubbs et al. 1993). 

Due to the lack of PSI almost all Chls present in the cells can be 
attributed to PSII. Therefore, the differences in the Qy region (Figure 
1-B) observed between the strains reflect the difference in Chl absorption 
of PSII. The absorption was normalized to the maximum at 668 nm, 
which is dominated by CP43. In the spectrum of the ∆PSI/∆PsbH cells, 
the absorption between 670 and 676 nm is more pronounced, while the 
absorption peaking at 678 nm and in the red region (690-700 nm) is less 
prominent in comparison with the ∆PSI cells. In conclusion, although 
scattering could to some extent modify the cell spectra, it seems that the 
∆PSI/∆PsbH mutant absorbs more in the blue (around 675 nm) and less 
in the red (around 690-695 nm) region.

Fluorescence emission upon non-selective excitation of Chl 
at 435nm was measured at RT for both ∆PSI and ∆PSI/∆PsbH cells 
and shows similar spectra peaking at 680 nm (Figure 2-A). When 
normalized to the absorption of the Chl Qy band, the emission yield of 
the ∆PSI/∆PsbH mutant is higher (about 20%) than of the ∆PSI mutant.

To confirm the absence of the typical 693 nm emission band in 
∆PSI/∆PsbH as indicated by previous data on the single psbH deletion 
mutant (Komenda, Tichý et al. 2005), the fluorescence of the cells was 
measured at 77 K (Chl excitation at 420 nm) for both strains without PSI 
(Figure 2-B). Indeed, the emission spectrum of the ∆PSI/∆PsbH mutant 
completely lacks the 693 nm emission band that is clearly present in 
the case of ∆PSI cells. Both strains can only grow in the presence of 
glucose and their oxygen evolution activities per Chl unit were high, 
in agreement with previous results obtained for WT and single psbH 
deletion mutant cells grown in the presence of glucose (Komenda, 
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Figure 1: Absorption of ∆PSI and ∆PSI/∆PsbH cells at 77 K with similar 
OD in the Soret region (A) and normalized at 668 nm in the Qy region 
(B).
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Figure 2: Fluorescence spectra of ∆PSI and ∆PSI/∆PsbH cells, 
normalized to the absorption in the Qy measured with non-selective 
excitation at 435 nm and RT (A), at 420 nm and 77 K (B).
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Tichý et al. 2005). Therefore, the lack of photochemical activity could 
be excluded as the reason for the loss of red 77 K fluorescence in cells of 
the ∆PSI/∆PsbH mutant.

The deletion of the psbH gene does not seem to affect the emission 
band peaking at 683 nm at 77 K, which corresponds to other Chls within 
the PSII core complex (Andrizhiyevskaya, Chojnicka et al. 2005). The 
emission yield of the ∆PSI/∆PsbH mutant is at this temperature slightly 
higher than of the ∆PSI mutant. 

3.2. ∆PSI and ∆PSI/∆PsbH strains contain fully assembled 
PSII complexes as revealed by CN gel electrophoresis

To assess the presence of PSII complexes and their assembly in both 
studied strains we analyzed their isolated membranes by CN-PAGE and 
determined the subunit composition of the separated membrane protein 
complexes by SDS-PAGE in the second dimension (Figure 3). In both 
strains, the vast majority of CP47 is assembled in the PSII core complexes. 
Due to the very mild nature of the separation by CN-PAGE (Wittig and 
Schägger 2008) and the use of the mild detergent β-DM for thylakoid 
solubilization, we are able to detect dimeric PSII core complexes. In 
previous work, the complexes were ostensibly decomposed since less 
native gel systems were used for analysis of the single ∆PsbH mutant 
(Komenda, Štys et al. 2003, Komenda, Tichý et al. 2005). In our present 
gel analysis, the ∆PSI strain also contains just a negligible amount of 
the PSII core lacking CP43 (noted as “RC47”) and unassembled CP47, 
both detectable only by specific antibodies. These unassembled minor 
Chl-proteins are completely absent in the ∆PSI/∆PsbH strain. Similar 
to the genotype with a single ∆PsbH mutation, the ∆PSI/∆PsbH strain 
contains some unassembled CP43 reflecting the inefficient synthesis of 
CP47 (Komenda, Tichý et al. 2005).

3.3. Separation of Chl-proteins of ∆PSI strains by size 
exclusion chromatography

To support the results obtained by the CN gel electrophoresis, 
we also separated the thylakoid pigment-proteins by SEC combined 
with a diode array detector. We were then able to directly monitor the 
full spectra of the eluted proteins during the column separation. This 
method also allowed us to obtain a sufficient amount of proteins for 
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Figure 3: PSII complexes of ∆PSI and ∆PSI/∆PsbH strains 
separated by CN-PAGE and analyzed for subunit composition 
by SDS-PAGE. Pigment-protein complexes were separated by 2D 
CN/SDS-PAGE and the 1st dimension, the clear native gel was 
photographed (1D color) and scanned for fluorescence by LAS 4000 
(1D fluor). After SDS-PAGE in the 2nd dimension, the gel was stained 
(2D stain), blotted and probed with antibody specific for CP47 (2D 
blot). Designation of complexes: RCC(2) and RCC(1) for dimeric and 
monomeric PSII core complexes; RC47 for the PSII core complex 
lacking CP43; u.CP43 and u.CP47 for unassembled CP43 and CP47 
antennae. The oblique arrow designates unassembled CP43 in the 
stained gel. Each loaded sample contained 1.5 µg of Chl. 
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further analysis. After cell disruption, the thylakoid membranes were 
solubilized with β-DM and after centrifugation the extract was loaded on 
the SEC column. Chromatograms are plotted at 675 nm, corresponding 
to the absorption in the Qy of Chl (Figure 4). In comparison with elution 
profile of WT solubilized thylakoids (data not shown), both ∆PSI and 
∆PSI/∆PsbH strains lack the peak eluted at 19.5 min and 21 min, which 
respectively corresponds to PSI trimers and monomers. In both mutants 
most of Chl-proteins are present in a single peak eluted at 23 min. In 
comparison to the well-characterized preparations of PSII from spinach 
in the monomeric and dimeric forms (Eijckelhoff, Dekker et al. 1997), 
the eluted peak from solubilized thylakoids of both mutants without PSI 
corresponds to intact monomeric PSII core complex. The presence of 
PSII mainly in the monomeric form is most likely due to a different 
preparation of the samples in comparison to the CN gel electrophoresis. 
The presence of magnesium or calcium divalent ions in the buffer has 
been proven to be important for the isolation of PSII dimers (Dekker, 
Germano et al. 2002, Komenda, Barker et al. 2006) and was omitted in 
the buffer to disrupt cells.

Figure 4: SEC elution profiles of PSII dimers (black line) and monomers 
with PSI (red) isolated from spinach, solubilized thylakoids from ∆PSI 
(green) and ∆PSI/∆PsbH (blue) strains with corresponding ratio Pheo 
to Chl (A416nm/A435nm) in dashed lines.
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Figure 5: A) Absorption spectra normalized at 435 nm with difference 
spectra (Dif.) at RT and (B) Normalized emission spectra at 77 K with 
excitation at 435 nm of PSII complex fractions eluted at 23 min from 
the SEC of solubilized thylakoids from ∆PSI and ∆PSI/∆PsbH strains.
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Monitoring of SEC at multiple wavelengths gives us additional 
information about the pigment composition of the separated complexes. 
The similar ratio of the absorption at 416 nm to 435 nm (A416/A435 ratio) 
for ∆PSI and ∆PSI/∆PsbH solubilized thylakoids (dash lines in Figure 
4) suggests that the Chl/pheophytin (Pheo) ratio of both isolated PSII 
core complexes is identical. Pheo is a pigment only present in the PSII 
RC and because it has, in contrast to Chl, a much larger absorption at 
416 nm than at 435 nm, the A416/A435 ratio is a qualitative measure of 
the Pheo and PSII content in the samples. Measurement of Pheo to Chl 
ratio has been used previously to monitor the integrity of several PSII 
complexes after purification (Eijckelhoff and Dekker 1995). It has been 
demonstrated that PSII core, CP47-RC, RC, and CP47 complexes from 
spinach respectively show a ratio of the absorption at 416 nm to the 
absorption at 435 nm of 0.85, 0.92, 1.20 and 0.75, (Eijckelhoff, van Roon 
et al. 1996, Eijckelhoff, Dekker et al. 1997). The 416/435 nm absorption 
ratio is comparable in PSII core complexes and subcomplexes from 
cyanobacteria and plants, because the pigment composition and amino 
acid sequences of the PSII core proteins are very similar. The A416/A435 
ratio is about 0.85 for all preparations and corresponds to an intact PSII 
complex in all solubilized membranes, including that of the ∆PSI/∆PsbH 
mutant. Although Pheo has also a small Qx absorption band at 541 nm, 
its low content in the PSII core complex (2 Pheo molecules versus 35 
Chls per PSII monomer) does not allow this band to be visible in the 
absorption spectrum as it is hidden by many other pigments (Figure 
5-A).

The absorption spectra of the isolated PSII complexes normalized 
to the Soret absorption maximum at 435 nm (Figure 5-A) display a 
difference in the 550-650 nm region, which belongs to the absorption of 
phycobilins. We assume that the observed absorption with a maximum 
at 620 nm belongs to phycobilisome fragments that are detached from 
PSII but due to a similar size their elution overlaps with the one of 
monomeric PSII core complexes. This is also supported by results of 
the CN gel electrophoresis in which the blue band of the phycobilisome 
fragments is also evident (Figure 3).

A slightly weaker absorption in the region 400-550 nm of the 
complex isolated from the ∆PSI/∆PsbH strain could be attributed to a 
difference in the content of β-carotene (β-Car), which is the only type of 
carotenoid present in the PSII core complex (Guskov, Kern et al. 2009, 
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Boehm, Romero et al. 2011, Umena, Kawakami et al. 2011). Thus, the 
absence of PsbH seems to lead to a decreased level of β-Car in the PSII 
core complex.

The fluorescence of the isolated PSII complexes measured at 77 K 
is comparable to the spectra of cells (Figure 5-B). No band at 693 nm 
is observed in the PSII complex isolated from ∆PSI/∆PsbH thylakoid 
membranes whereas it is present in the PSII core complex isolated from 
the ∆PSI mutant. A slight blue-shift of less than 1 nm is visible with 
the ∆PSI/∆PsbH sample compared to the band at 683 nm of the PSII 
from ∆PSI, which is probably due to the presence of some free Chl. The 
absence of PsbH might cause some instability of the PSII complex but 
nevertheless with both CN-PAGE and SEC analytical methods, we find 
CP47 assembled to the PSII complex. The loss of the red emission in 
the ∆PSI/∆PsbH mutant is not due to the detachment or inability to 
synthesize the CP47 antenna containing the red state.

3.4.Isolation and analysis of the CP47 assembly modules 
differing in the content of PsbH

If CP47 and PsbH are the only protein components of PSII required 
for the red-shifted emission, the F693 peak should be detectable in the 
CP47 assembly module (CP47m), an early assembly PSII intermediate, 
which consists of CP47, small subunits PsbH, PsbL, PsbM and PsbT, 
Chls and β-Cars (Komenda, Sobotka et al. 2012). However, the red Chl 
emission should be lost in the CP47 module lacking PsbH (CP47m/
ΔPsbH). To test this possibility, we constructed a Synechocystis strain 
that is expressing His-tagged PsbH derivative instead of native PsbH 
(Bumba, Tichý et al. 2005) but is unable to assemble PSII RC due to 
the absence of cytochrome b-559 (Komenda, Reisinger et al. 2004). This 
strain (His-PsbH/ΔPsbH/ΔPsbE/ΔFtsH2) also lacks FtsH2 protease 
to prevent degradation of unassembled PSII intermediates. The 
solubilized membranes of this strain were subjected to nickel affinity 
chromatography and the obtained green eluate was further separated 
by SEC (Figure 6-A). The CP47m eluted with a mass of approximately 
140kDa (Figure 6-A). The absorbance spectrum is very similar to that of 
CP47m isolated previously by Boehm and co-workers (Boehm, Romero 
et al. 2011) (Figure 6-B). The CP47m complex contains Chl and β-Car 
molecules in 8:1 ratio (Figure 6-C) and the 77 K fluorescence spectrum 
exhibits an apparent shoulder at 694 nm (Figure 6-D), though it is less 
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Figure 6: Purification and analysis of the CP47m and CP47m/
ΔPsbH assembly intermediates of PSII. A) The complexes were 
purified via His-tagged PsbH (CP47m) and His-tagged CP47 (CP47m/
ΔPsbH) from Synechocystis cells on a nickel affinity column; complex 
genetic backgrounds were employed to block assembly of PSII at the 
desired step and to prevent degradation of unassembled subunits (see 
main text). To improve purity, the eluates from nickel column were 
further separated by SEC and the main peak eluted in both cases 
with 9.4 mL was collected (gray box). Positions of weight standards, 
β-amylase (β-AM, 200 kDa), alcohol dehydrogenase (ADH, 150 
kDa) and bovine serum albumin (BSA, 66 kDa) are shown above the 
chromatogram. B) Absorption spectra of CP47m and CP47m/ΔPsbH 
complexes normalized to Chl absorbance at 674 nm; the difference 
in the β-Car content is reflected by the absorption difference at 495 
nm. C) Pigments were extracted from the fraction depicted by the gray 
box in panel A, separated by HPLC and detected at 450 nm. The area 
of each peak was integrated and the molar stoichiometry of Chl and 
β-Car estimated. D) 77 K fluorescence spectra of purified complexes.
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prominent than that of the intact RC PSII (Figure 5-B).
The CP47m complex lacking PsbH (CP47m/ΔPsbH) was purified 

by the same protocol from a Synechocystis strain expressing His-
CP47 in the ΔD1/ΔFtsH2/ΔPsbH genetic background. The obtained 
complex has a similar mass to CP47m (Figure 6-A) but, according to 
the absorption spectrum and HPLC analysis, binds less β-Car to Chl 
molecules (11-12 Chls to one β-Car; Figure 6-B and 6-C). Importantly, 
the CP47m/ΔPsbH completely lacks the red Chl emission (Figure 
6-D). We obtained identical results by measuring absorbance and 77 K 
fluorescence spectra of CP47m and CP47m/ΔPsbH complexes directly 
in gel after separation by CN-PAGE (Figure 7). These data show that the 
lack of PsbH leads to the elimination of the red state, even in the isolated 
CP47 assembly module.

4. DISCUSSION
We have analyzed the spectral properties of cells and PSII core 

complexes of the ∆PSI and ∆PSI/∆PsbH mutants in order to assess in 
detail the reasons for the loss of the red 693 nm Chl fluorescence in 
the absence of PsbH. Additionally, isolated CP47 assembly modules 
containing or lacking PsbH were characterized. In cells and all isolated 
preparations containing CP47 but lacking PsbH, the typical 693 nm 
emission band attributed to a red Chl of CP47 was absent, although 
biochemical analyses confirm the formation of intact PSII. Since high 
resolution crystal structures of the cyanobacterial PSII complexes 
(Ferreira, Iverson et al. 2004, Müh, Renger et al. 2008, Guskov, Kern et 
al. 2009, Umena, Kawakami et al. 2011) have shown binding of PsbH 
to CP47 at the periphery of the PSII complex (Figure 8), the most 
plausible explanation for the observed loss of 693 nm fluorescence is 
that the absence of PsbH changes the environment of the red emitting 
Chl molecule bound to CP47. The negative LD band of the red Chl 
compared to the positive band of the bulk Chls has indicated that the 
Qy transition of the red Chl is out of the membrane plane (van Dorssen, 
Breton et al. 1987, de Weerd, Palacios et al. 2002). Therefore, by using 
the crystal structure of PSII, the red fluorescence can be assigned to Chl 
627 of CP47, which only corresponds to a monomeric Chl, while other 
similarly oriented Chls are parts of large exciton domains (Müh, Renger 
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Figure 7. Analysis of isolated CP47 modules by CN-PAGE (A), 
comparison of their absorption (B) and low temperature fluorescence 
(C) characteristics “in gel”. The CP47 module containing PsbH 
(CP47m) and lacking PsbH (CP47m/∆PsbH) were isolated using a 
nickel affinity column from strains described in Figure 6. Green bands 
of CP47 modules separated by CN-PAGE (A) were excised and their 
room temperature absorption (B) and 77 K Chl fluorescence spectra 
(B) measured directly in the gel. Spectra were normalized for the Chl 
red peak (B) and main fluorescence peak (C).
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Figure 8: A) A detail of PSII structure from stromal side highlighting the 
position of Chl 627 (shown in red), which is most likely the Chl molecule 
responsible for the red-shifted emission at 693 nm. The CP47 protein 
is shown in gray, PsbH is in magenta and surrounding PSII subunits 
are in white. β-Cars are orange and Chl molecules green. For clarity, 
phytol chains are not drawn. B) Side view of the CP47-PsbH complex 
with bound Chl and β-Car molecules, with color scheme identical to 
(A) to show the close distance of β-Car 649 to the red Chl 627 and the 
β-Car 650 to PsbH. The Figure was made by Chimera software using 
the PDB entry 3ARC (Umena, Kawakami et al. 2011).

et al. 2008).
The red state of the PSII complex can be formed either by a strong 

excitonic coupling of two or more closely located pigments, which is not 
the case of a single red Chl molecule, or by an interaction of pigment 
with a protein. Fluorescence Line Narrowing (FLN) spectra brought 
evidence of a strong hydrogen bonding between a protein ligand and 
a Chl (de Weerd, Palacios et al. 2002). Such an interaction gives rise 
to a specific mode in the FLN spectrum that can be attributed to an 
extremely downshifted stretch frequency of the Chl 131 keto group. 
The red-shifted stretch frequency of a mode at 1633 cm-1 in the FLN 
spectrum of CP47 can therefore be assigned to a Chl 131 keto group 
corresponding to strong hydrogen bonding to a protein ligand and not 
to excitonic interactions. According to the spectroscopic investigations 
of de Weerd and co-workers (de Weerd, Palacios et al. 2002) and 
simulations of Vasil’ev and Bruce (Vasil’ev and Bruce 2006), the Chl 627 
ligated to His 114 could correspond to the Chl pigment giving rise to 
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the red emission of CP47. A closer look at the crystal structure of PSII 
indeed shows that Chl 627 of CP47 forms a hydrogen bond between its 
131-keto group and the Thr 5 residue of PsbH (Müh, Renger et al. 2008). 
Consequently, this interaction could be responsible for the red shift 
in the fluorescence emission of Chl 627 and our data presented here 
to characterize the properties of the PSII core complex lacking PsbH 
confirms this hypothesis. Additionally, the effect of mutations of His 
114, a ligand of Chl 627 in CP47, on the 693 nm fluorescence of CP47 
is in agreement with our conclusions (Shen and Vermaas 1994).  The 
Chl 620, whose 131-keto group interacts with Thr 27 of PsbH, could be 
a candidate but this Chl is a part of a trimer and thus does not fulfill the 
requirement of being a monomer. We can therefore conclude that it is 
the H-bond interaction between the hydroxyl group of Thr 5 residue 
of PsbH and Chl 131-keto group of Chl 627 that gives rise to the red 
fluorescence state of CP47. 

The absence of PsbH might induce a complete loss of the red 
pigment if this subunit stabilizes its binding to CP47. When comparing 
the 77 K absorption in the Qy region of Chl between cells of ∆PSI and 
∆PSI/∆PsbH, the latter shows a loss in the red and a rise in the blue Chl 
region, which indicates an absorption shift rather than the loss of the 
red pigment. 

The comparison of absorption spectra of isolated PSII core 
complexes and CP47m alone with and without PsbH indicates that 
binding of one β–car to PSII is much weaker when PsbH is absent. 
From the crystal structure it has been concluded that 16 Chls and 5 
β-Cars are associated with CP47 and adjoined small subunits PsbH, 
PsbL, PsbM and PsbT in the PSII structure (Umena, Kawakami et al. 
2011). In agreement with the previous results of Boehm and co-workers 
(Boehm, Romero et al. 2011), the obtained Chl to β-Car stoichiometry 
(16:2, Figure 6-C) suggests that only two β-Car molecules are associated 
with the purified CP47m. Any other carotenoids can be lost during 
its solubilization/purification or are attached to PSII later during the 
PSII biogenesis. There is significantly less β–Car per Chl bound to the 
CP47m/∆PsbH complex (Figure 6) and since β–car 650 directly interacts 
with PsbH (Figure 7), we assume that it can be absent in majority of the 
isolated modules lacking PsbH.

It is important to note that the loss of the red state of PSII complex 
also accompanies light-induced damage although no detachment or 
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degradation of CP47 occurs during this process (Sinha, Komenda et 
al. 2012). Given the necessary interaction between Chl 627 and PsbH 
for the red fluorescence of PSII, one plausible explanation is that 
photoinactivation causes an overall conformational change in PSII that 
disrupts this interaction. 

The role of CP47 red Chl in the excitation energy transfer of PSII 
has been a matter of debate (Raszewski and Renger 2008, Reppert, 
Acharya et al. 2010). The lowest state of CP47, if localized at the 
periphery far from the RC as documented here, cannot be involved in 
energy transfer to the RC. Similarly, the most red-shifted Chl pigments 
of PSI are also peripheral. At room temperature the distinction in 
energy level of the Chl pigments is less than at low temperature. The 
single red Chl of CP47 has a similar emission like other Chls at room 
temperature and therefore probably has a minor influence in the energy 
transfer to the RC. The low energy state of CP47 could possibly serve 
in energy dissipation processes when excess of light energy is unable to 
be processed by the RC as electron transfer processes reach saturation. 
The presence of a carotenoid (β-Car 649) close to the Chl 627 (4.9 Å is 
at the upper limit for electron exchange) makes it able to quench the 
Chl triplet state. We observed that at room temperature the emission 
yield of the ∆PSI/∆PsbH cells was higher compared to the ∆PSI cells. 
If the interaction of PsbH with Chl 627 is important for the dissipation 
of excess energy in PSII, it is not surprising that the cells without PsbH 
are more sensitive to light-induced damage (Bergantino, Brunetta et al. 
2003).

Additional importance of PsbH in energy dissipation within PSII 
might also be given by its proximity to the putative binding site for high 
light-induced polypeptides (HLIPs). These proteins bind to CP47 in a 
PsbH-dependent manner (Promnares, Komenda et al. 2006) and are 
able to efficiently quench energy by its transfer from Chl to the S1 state 
of β-Car (Staleva, Komenda et al. 2015). They are single helix membrane 
proteins homologous to helices of light-harvesting complexes (LHCs) of 
plants, which are synthesized under high irradiance (Dolganov, Bhaya 
et al. 1995). A possible candidate for energy transfer to HLIPs is the 
peripheral Chl 612 bound to CP47 (see Fig. 7). When in contact with 
HLIPs, this Chl could efficiently transfer excessive excitation energy 
from CP47 and in this way also protect PSII from photodamage.
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Organization in photosynthetic membranes of purple bacteria in vivo: 
the role of carotenoids

ABSTRACT

 In purple bacteria photosynthesis is performed by 
pigment-protein complexes that are closely packed within 
specialized intracytoplasmic membranes. Here we report on 
the influence of carotenoid content on the organization of 
RC-LH1 pigment-protein complexes in intact membranes 
and cells of Rhodobacter sphaeroides. Mostly dimeric RC-LH1 
complexes could be isolated from strains expressing native 
brown carotenoids when grown under illuminated/anaerobic 
conditions, or from strains expressing green carotenoids when 
grown under either illuminated/anaerobic or dark/semiaerobic 
conditions. However, mostly monomeric RC-LH1 complexes 
were isolated from strains expressing the native photoprotective 
red carotenoid spheroidenone, which is synthesized during 
phototrophic growth in the presence of oxygen. Despite this 
marked difference, linear dichroism (LD) and light-minus-dark 
LD spectra of oriented intact intracytoplasmic membranes 
indicated that RC-LH1 complexes are always assembled in 
ordered arrays, irrespective of variations in the relative amounts 
of isolated dimeric and monomeric RC-LH1 complexes. We 
propose that part of the photoprotective response to the presence 
of oxygen mediated by synthesis of spheroidenone may be a 
switch of the structure of the RC-LH1 complex from dimers to 
monomers, but that these monomers are still organized into the 
photosynthetic membrane in ordered arrays. When levels of the 
dimeric RC-LH1 complex were very high, and in the absence of 
LH2, LD and ∆LD spectra from intact cells indicated an ordered 
arrangement of RC-LH1 complexes. Such a degree of ordering 
implies the presence of highly elongated, tubular membranes 
with dimensions requiring orientation along the length of the 
cell and in a proportion larger than previously observed.
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1. INTRODUCTION
Purple photosynthetic bacteria possess a modular photosynthetic 

apparatus in which a photovoltaic reaction center (RC) is fed with 
energy by a closely associated LH1 light harvesting pigment-protein 
(Qian, Papiz et al. 2013). In many species these so called RC-LH1 
complexes are in turn surrounded in the photosynthetic membrane by 
one or more types of peripheral light harvesting complex, such that an 
extensive pool of bacteriochlorophyll (BChl) and carotenoid provides 
the light harvesting capacity to power charge separation within each RC 
(Cogdell, Gall et al. 2006). Light harvesting complexes in these bacteria 
have a common general architecture in which concentric cylinders of 
two types of membrane-spanning polypeptide encase rings of BChl 
and carotenoid pigments (McDermott, Prince et al. 1995, Koepke, Hu 
et al. 1996). In the case of LH1 the dimensions of this hollow cylinder 
are sufficient to accommodate a RC in the center (Jungas, Ranck et al. 
1999), and in some species an additional polypeptide, PufX, is present 
that disrupts the continuity of the LH1 cylinder (Roszak, Howard et 
al. 2003). In the most heavily studied purple photosynthetic bacterium, 
Rhodobacter (Rba.) sphaeroides, the PufX protein (Holden-Dye, Crouch 
et al. 2008) limits aggregation of LH1 subunits around the RC to 14 
pairs of membrane-spanning polypeptides, 28 BChls and 28 carotenoids 
(Qian, Papiz et al. 2013) PufX is necessary for the assembly of RC-LH1 
into dimers in which two RCs are related by an axis of two fold symmetry, 
the associated LH1 forming an S-shape when viewed perpendicular to 
the plane of the membrane (Jungas, Ranck et al. 1999, Bahatyrova, Frese 
et al. 2004, Scheuring, Francia et al. 2004, Siebert, Qian et al. 2004, Qian, 
Hunter et al. 2005, Qian, Bullough et al. 2008, Qian, Papiz et al. 2013).

In addition to light harvesting, a key function of some carotenoid 
pigments in the bacterial photosystem is protection against damage 
caused by the photogeneration of singlet oxygen. This role was 
established around 60 years ago, when Griffiths and co-workers 
reported that a mutant strain of Rba. sphaeroides unable to synthesize 
colored carotenoids was susceptible to photo-oxidative killing (Griffiths, 
Sistrom et al. 1955, Sistrom, Griffiths et al. 1956). Growth of this mutant 
under anaerobic, illuminated conditions ceased upon introduction of 
air into the culture, with resultant cell death and breakdown of BChl. It 
was subsequently shown that the formation of relatively long-lived BChl 
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triplet excited states in an aerobic environment sensitized the formation 
of highly reactive singlet oxygen (Borland, Mcgarvey et al. 1987). 
Carotenoids prevent damage caused by singlet oxygen either by direct 
quenching or by accepting excited state energy from triplet BChl, the 
carotenoid triplet having insufficient energy to sensitize singlet oxygen 
(Cogdell, Howard et al. 2000).

A specific mechanism for photoprotection by carotenoids in the 
RC-LH1 complex from Rba. sphaeroides was recently elucidated by 
Šlouf and co-workers (Šlouf, Chábera et al. 2012). Experiments carried 
out on photosynthetic membranes from cells grown under semiaerobic 
conditions, where the principal carotenoid is spheroidenone, 
established that the lowest energy triplet state of this carotenoid acts 
as an effective quencher of BChl triplet states. Such quenching would 
be expected to prevent sensitization of singlet oxygen. This mechanism 
for BChl triplet quenching was not observed in RC-LH1 complexes 
isolated from cells grown in the absence of oxygen, where the principal 
carotenoid is spheroidene (spheroidenone being the keto derivative of 
spheroidene, the conversion being catalyzed under aerobic conditions 
by CrtA – spheroidene monooxygenase). As a result the formation 
of spheroidenone on exposure of anaerobic growing cells to oxygen 
appears to switch on a specific photoprotective mechanism to prevent 
photodamage. In addition to introduction of the additional keto oxygen 
of spheroidenone, it was suggested that spheroidenone is twisted into 
an S-trans conformation as part of the photoprotective response (Šlouf, 
Chábera et al. 2012). This change in structure would increase the 
conjugation length of the carotenoid, lowering the energy of its triplet 
excited state such that it can act as an acceptor for energy from BChls 
that have undergone intersystem crossing from the singlet to triplet 
configuration.

An intriguing feature of the RC-LH1 complexes that are assembled 
in different strains of Rba. sphaeroides is that the relative amounts 
of monomers and dimers that can be isolated from photosynthetic 
membranes using mild detergents seem to depend on the type of 
carotenoid present. Relatively few RC-LH1 dimers can be isolated from 
cells with native carotenoids grown in the presence of oxygen (Holden-
Dye, Crouch et al. 2008, Ng, Adams et al. 2011, Ratcliffe, Tunnicliffe 
et al. 2011), where the principal carotenoid is spheroidenone, the 
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procedure being to solubilize complexes from the membrane using 
dodecyl maltoside and size fractionate RC-LH1 monomers and dimers 
on sucrose density gradients. In contrast the relative amount of dimer 
becomes much greater if complexes are isolated from cells grown in the 
absence of oxygen, where the principal carotenoid is spheroidene, or from 
cells of mutant strains that express the green carotenoid neurosporene 
rather than spheroidene/spheroidenone due to a spontaneous mutation 
of the crtD gene (hydroxyneurosporene desaturase). Such green cells 
have been employed in the majority of studies of the organization of RC-
LH1 complexes in photosynthetic membranes (Bahatyrova, Frese et al. 
2004, Ng, Adams et al. 2011, Adams and Hunter 2012), the structure of 
the RC-LH1 dimer (Francia, Wang et al. 1999, Jungas, Ranck et al. 1999, 
Scheuring, Francia et al. 2004, Siebert, Qian et al. 2004, Qian, Hunter 
et al. 2005, Qian, Bullough et al. 2008, Qian, Papiz et al. 2013) and the 
structural role of PufX (Crouch, Holden-Dye et al. 2010, Crouch and 
Jones 2012). A possible explanation for this variability could be that the 
principal form of the RC-LH1 complex in cells with native carotenoids 
grown in the presence of oxygen is the monomer, and so the architecture 
of the photosynthetic membrane in such cells would be different 
from that typically depicted in molecular models of Rba. sphaeroides 
membranes that are based largely on the premise that RC-LH1 complexes 
are arranged as arrays of dimers (Geyer and Helms 2006, Şener, Olsen et 
al. 2007, Hsin, Gumbart et al. 2009, Hsin, Strümpfer et al. 2010, Şener, 
Strumpfer et al. 2010). However this explanation would be at odds with 
AFM data collected from Rba. sphaeroides cells with native carotenoids 
grown in the presence of oxygen that show complexes mainly arranged 
as dimers (Adams, Mothersole et al. 2011, Ratcliffe, Tunnicliffe et al. 
2011). An alternative explanation could be that the dimer architecture 
is ubiquitous in membranes, but that spheroidenone-containing dimers 
are structurally different in a manner that makes them unusually prone 
to monomerization on removal from the membrane, relative to dimers 
containing either spheroidene or neurosporene.

To investigate this issue, the present work examines the 
organization of RC-LH1 complexes in cells grown under different 
conditions, in intact membranes from those cells, and in detergent 
solution, employing a combination of sucrose gradient fractionation and 
linear dichroism spectroscopy (LD). The latter has been used previously 



184

Organization in photosynthetic membranes of purple bacteria in vivo: 
the role of carotenoids

to distinguish between ordered arrays of dimeric RC-LH1 complexes 
and disordered assemblies of PufX-deficient monomeric RC-LH1 
complexes in intact membranes (Frese, Olsen et al. 2000, Bahatyrova, 
Frese et al. 2004, Frese, Pàmies et al. 2008). It is found that, irrespective 
of the carotenoid present, membranes display the spectroscopic 
fingerprint associated with ordered RC-LH1 complexes. This includes 
a membrane containing spheroidenone from which only very low levels 
of dimeric RC-LH1 complexes could be isolated. It is concluded that 
it is likely that RC-LH1 complexes form ordered assemblies in these 
spheroidenone-rich membranes, but they differ in structure from the 
dimeric RC-LH1 complexes assembled in cells containing spheroidene 
or neurosporene. The findings are discussed with respect to the possible 
physiological significance of a change to the structure of the dimeric 
RC-LH1 complex in cells that are exposed to oxygen. 

2. MATERIALS AND METHODS
2.1. Bacterial strains and growth

The wild-type strain used was NCIB8253, which for convenience 
is referred to as “WT-r” in the main text, the suffix “-r” denoting 
the presence of native red/brown carotenoids. Strain WT-g was a 
spontaneous derivative of WT-r expressing green carotenoids; this 
strain was stable, showing very low levels of reversion to the native 
carotenoid type. Strains RCLH1X-r and RCLH1X-g were constructed 
by complementation of deletion strains DD13 (red/brown carotenoids) 
and DD13/G1 (green carotenoids), respectively (Jones, Fowler et al. 
1992), with a plasmid-borne copy of the pufBALMX operon which 
encodes the b- and a-polypeptides of the LH1 antenna, the L- and 
M-polypeptides of the RC and PufX. The strains were grown under 
either dark/semiaerobic or light/anaerobic conditions, as described 
previously (Crouch, Holden-Dye et al. 2010, Crouch and Jones 2012).

2.2. Pigment-protein profiles by sucrose density gradient 
sedimentation

Intracytoplasmic membranes for detergent solubilization were 
prepared using a French pressure cell, as described previously (Jones, 
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Heer-Dawson et al. 1994). Membrane pellets were suspended in 20 mM 
HEPES (pH 8) to a final concentration of 60 absorbance units cm-1 at 
850 nm for LH2-containing strains or 875 nm for LH2-deficient strains, 
and the suspension mixed in a 3:2 ratio with 10 % (w/v) β-DDM (Qian, 
Hunter et al. 2005). After incubation on ice for 30 min in the dark, 
membrane debris was removed by centrifugation at 78,100g for 1 h at 4 
°C in a TLA100 rotor.

Sucrose density gradients were constructed in transparent 
ultracentrifuge tubes by carefully layering five steps of 20%, 21.25%, 
22.5%, 23.75% and 25% (w/w) sucrose in 20 mM HEPES (pH 8)/0.04% 
β-DDM. Solubilized membrane proteins (150 μl of sample with an 
absorbance of 25 at 850 or 875 nm) were loaded on to each gradient, 
and these were centrifuged in a Sorvall TH-641 swing-out bucket rotor 
at 180,000 g for 20 h at 4°C. For each strain/growth condition, multiple 
gradients were run using several cultures, membrane preparations and 
solubilizations – representative examples are shown in Figure 1.

2.3. Linear dichroism and absorption
To preserve large membrane fragments for analysis by LD 

spectroscopy, harvested bacterial cells were lysed in a French pressure 
cell at a low breaking pressure of 3000 psi, as described previously by 
Siebert and co-workers (Siebert, Qian et al. 2004). After a clearing spin, 
membranes were fractionated on a 15/40/50% (w/w) three step sucrose 
density gradient in 20 mM HEPES (pH 8.0), and colored bands at the 
15/40 and 40/50 interfaces harvested.  Data shown in the main text is 
for the lower membrane band, but the membranes from the two bands 
gave very similar results.

Harvested cells and isolated photosynthetic membranes were 
kept cold on ice before gel preparation to perform LD measurements 
on intact cells and membranes. ICM and cells at a final OD of about 
0.5 absorbance units cm-1 at 850 or 875 nm were immobilized by 
polymerization in a 12% acrylamide/bis-acrylamide (40% solution 
29:1 ratio, 3.3% C) gel containing 50% glycerol (v/v), 10 mM Tris-HCl 
(pH 7.5), 0.07% N,N,N’N’-tetramethylethylenediamine (TEMED) and 
0.02% ammonium persulfate. Samples were oriented along the x-axis by 
pressing the gel in the y and z directions.
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Absorption, LD and light minus dark absorption and LD were 
recorded with a home built instrument with a resolution of 1.5 nm at 77 
K as previously described (Frese, Olsen et al. 2000). Light minus dark 
spectra were recorded using a third lock-in amplifier at 3 ms integration 
time with a continuous laser (Coherent CR-599 CW Dye-laser, DCM 
dye, Coherent, St. Louis MO) with a bandwidth of about 1 mm, pumped 
by an Argon laser (Coherent Innova 310) modulated at 20-Hz with 
excitation at 670 nm and 15 mW.cm-2 intensity.

3. RESULTS
3.1. Profiles of photosynthetic proteins

The structure of the Rba. sphaeroides RC-LH1 dimer and the 
organization of RCs and antenna complexes in the membrane has 
mainly been studied in wild type strains (Bahatyrova, Frese et al. 2004, 
Bahatyrova, Frese et al. 2004, Ng, Adams et al. 2011, Adams and Hunter 
2012), or in strains lacking the LH2 antenna complex (Jungas, Ranck et 
al. 1999, Frese, Olsen et al. 2000, Siebert, Qian et al. 2004, Qian, Hunter 
et al. 2005, Frese, Pàmies et al. 2008, Qian, Bullough et al. 2008, Qian, 
Papiz et al. 2013), employing either EM, AFM or LD spectroscopy. LH2-
deficient strains are of particular value when studying the structure and 
membrane-bending properties of the RC-LH1 complex, and can be 
obtained by deleting the puc and puf operons encoding the LH2 and 
RC-LH1 complexes, and expressing the puf operon in the resulting 
strain on a low copy number plasmid (Jones, Fowler et al. 1992). This 
arrangement allows for additional manipulation of the structure of the 
RC-LH1 complex, such as point mutations in the various polypeptides 
or removal of individual components such as PufX. The present work 
examined the photosystem assembled in Rba. sphaeroides wild type 
strain NCIB8253 (named “WT-r” for convenience in the following), 
a derivative with a spontaneous mutation of crtD expressing green 
carotenoids (named “WT-g”), and two strains in which a plasmid-
encoded pufBALMX operon was used to complement a double puc/puf 
deletion mutant expressing either native red/brown carotenoids (strain 
RCLH1X-r) or green carotenoids (strain RCLH1X-g).

To examine the profile of pigment-proteins assembled in these 
four strains under the two sets of growth conditions, intracytoplasmic 
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Figure 1: Sucrose gradient fractionation of complexes solubilized 
from intracytoplasmic membranes from four strains (columns) grown 
under dark or light conditions (rows). Colored bands are attributable 
to (top to bottom) free carotenoid (crt), LH2 (A, B, E and F only), RC-
LH1 monomers (mon) and RC-LH1 dimers (dim).
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membranes prepared from intact cells were mixed in a 3:2 ratio with a 
10 % solution of n-dodecyl-β-D-maltoside (β-DDM), and the resulting 
solubilized pigment proteins were fractionated on a five-step sucrose 
density gradient. As discussed previously (Crouch, Holden-Dye et al. 
2010, Crouch and Jones 2012), the types of pigment-protein resolved by 
this procedure were highly reproducible, and typical gradients are shown 
in Figure 1. Gradients loaded with proteins from strain WT-r (Figure 
1A, E) exhibited four colored bands attributable to (top to bottom) free 
carotenoid, the major LH2 antenna, RC-LH1 monomers and RC-LH1 
dimers. Gradients loaded with proteins from strain RCLH1X-r lacked 
the major colored band attributed to LH2 (Figure 1C, G). Irrespective 
of the presence of LH2, most of the RC-LH1 complexes solubilized 
from cells of these two strains grown under anaerobic/photosynthetic 
conditions were of the dimeric form (Figure 1E, G). In striking contrast 
to this, when the same strains were grown under dark/semiaerobic 
conditions the predominant form of RC-LH1 complex fractionated 
on sucrose gradients was monomeric (Figure 1A, C). The other, very 
obvious difference was a change in color of the pigmented bands from 
the yellow-brown obtained with spheroidene (Figure 1E, G) to the 
bright red obtained with spheroidenone (Figure 1A, C).

A further demonstration that there was a connection between 
carotenoid type and the variation in relative amounts of monomeric 
and dimeric RC-LH1 complex came from a comparison with the strains 
expressing green carotenoids (Figure 1B, D, F and H). Coloration of 
pigment-proteins from these green strains did not vary between cells 
grown under dark and light conditions. For the LH2-deficient green 
strain, dimeric RC-LH1 complexes were the major form solubilized 
from cells grown in the dark (Figure 1D). For the LH2-containing green 
strain (Figure 1B) approximately equal amounts of monomer and dimer 
were solubilized from dark-grown cells. Mostly dimers were obtained 
from either strain grown in the light (Figures 1F and 1H), matching the 
result obtained with the equivalent strains with native brown carotenoids 
grown in the light (Figures 1E and 1G).

An additional point to note was a smear of red pigmentation 
above the band corresponding to monomeric RC-LH1 complexes 
in gradients fractionating proteins from the RCLH1X-r strain grown 
in the dark (Figure 1C). Absorption spectroscopy of intact gradients 
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using a spectrophotometer fitted with a pair of optical fibers revealed 
this material to be LH1 antenna protein that was free of RCs (data not 
shown). Thus it would appear that in this red, LH2-deficient strain there 
was some over-expression of LH1. This LH1 fraction was not seen in 
material obtained from this strain when grown in the light (Figure 1G), 
in the green LH2-deficient strain (Figure 1D, H), or in any of the LH2-
containing strains (Figure 1A, B, E and F).

3.2. Organization of complexes probed by LD spectroscopy
One way to probe how the composition of the RC-LH1 complex 

affects its organization in intact membranes is through linear dichroism 
spectroscopy (LD) (Garab and van Amerongen 2009). The sample 
prepared in a polyacrylamide gel is oriented by expansion of the gel 
through compression along two perpendicular axes (Abdourakhmanov, 
Ganago et al. 1979). In previous work it has been shown that in native 
membrane samples prepared in this way the optical transitions, arising 
from the monomeric BChls, BPhes and primary electron donor BChl 
pair of the RC, possess a uniform alignment relative to the long axis 
of the oriented membrane (Breton 1985, Frese, Olsen et al. 2000, 
Bahatyrova, Frese et al. 2004, Frese, Pàmies et al. 2008). For strains 
with native RC-LH1 complexes the interpretation is that dimeric RC-
LH1 complexes assemble into long-range, ordered linear arrays that 
are oriented preferentially along the longest membrane axis, even in 
the presence of LH2. However, LD spectra indicating a lower degree 
of ordering have also been obtained for membranes containing PufX-
deficient RC-LH1 complexes that are known to be monomeric (Frese, 
Olsen et al. 2000, Bahatyrova, Frese et al. 2004, Frese, Pàmies et al. 
2008), showing that RC-LH1 dimers are not a prerequisite for detecting 
a uniform orientation of the RC within membranes. As a result the 
technique does not reveal whether the RC-LH1 complex is assembled 
as dimers or monomers, but rather whether RC-LH1 complexes present 
in the membrane are packed in a regularly ordered manner. The relative 
amount of order can be estimated by decomposing the LD spectra into 
ordered and unordered components (Frese, Pàmies et al. 2008). 

In the present work, LD spectroscopy was used to compare the 
organization of RC-LH1 complexes in the cells and intracytoplasmic 
membranes that yielded the most distinct profiles of dimers and 
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monomers illustrated in Figure 1-C, 1-D. Figure 2-A shows 77 K 
absorption spectra of membranes (solid lines) and cells (dashed lines) 
from strains RCLH1X-r and RCLH1X-g grown in the dark, normalized 
to the same absorption at the maximum of the dominant LH1 Qy band. 
These strains were selected because they showed the greatest contrast 
between yields of dimer under dark growth conditions – very low 
for strain RCLH1X-r (Figure 1-C) and very high for strain RCLH1-g 
(Figure 1-D). The absorption spectra for the RCLH1X-r and RCLH1X-g 
strains were similar, the main difference being the precise maximum 
of the LH1 band, which varied between 885 nm and 887 nm for red 
and green membranes respectively. In addition to absorption from LH1, 
these spectra have small bands at 804 nm and 756 nm arising from the 
two monomeric BChls and two BPhes of the RC, respectively.

LD spectra recorded for these membranes or cells are shown in 
Figure 2-B, the inset showing the region between 720 and 840 nm on 

Figure 2: Normalized 77 K absorption (A) and LD (B) spectra of 
membranes (solid) and cells (dashed) from strains RCLH1X-r (red) 
and RCLH1X-g (green) grown in the dark. Inset: Magnification of the 
LD spectra in the monomeric BChl and BPhe region. 
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an expanded scale; these spectra have been normalized to the same LH1 
absorption at 77 K. In the case of oriented membranes (solid lines), both 
spectra showed a negative LD at 804 nm characteristic of order in the 
arrangement of the RC accessory BChls relative to the axis of orientation, 
consistent with previous work (Frese, Olsen et al. 2000). The intensity 
of this negative LD band, and that of the dominant positive LH1 LD at 
~890 nm, were higher for RCLH1X-g membranes (green-solid) than for 
RCLH1X-r membranes (red-solid). 

LD spectra were also recorded for oriented intact cells of strains 
RCLH1X-g and RCLH1X-r (Figure 2-B, dashed lines). In this case 
there was a marked difference in the direction of the LD signal at 804 
nm, that for RCLH1X-g cells being negative and indicative of order in 
the orientation of the RC accessory BChls with respect to the axis of 
orientation, but that for RCLH1X-r cells having a positive direction 
indicative of a lack of order of the RC components relative to the 
orientation axis (Frese, Olsen et al. 2000). Given the similarity in the 
LD spectra of membranes isolated from these strains, the difference in 
the LD spectra of the corresponding cells indicated a difference in the 
internal arrangement of photosynthetic membranes within these two 
types of cell, as discussed below.

Dark-minus-light absorption difference spectra and dark-minus-
light difference LD spectra (ΔLD) were also recorded for these cells 
and membranes to monitor the degree of order exhibited by the RC 
though absorbance bands that are normally hidden by those of the LH 
complexes (Figure 3). ΔLD probes the polarization dependency of light-
induced spectral changes that occur in response to charge separation 
with the RC (Frese, Olsen et al. 2000). The absorption difference spectra 
were similar in line shape for all four samples (Figure 3-A) since 
charge separation within the RC is not affected by growth conditions 
or carotenoid composition. In the case of membranes, the ΔLD spectra 
had a similar differential feature centered at 800 nm (positive at 795 
nm / negative at 808 nm) and negative feature at ~890 nm (Figure 3-B), 
both of which indicated order in the arrangement of the RC component 
relative to the axis of orientation. The ΔLD spectrum of RCLH1X-g cells 
also had this spectral fingerprint, but that of RCLH1X-r cells did not, 
with a reverse blue-negative/red-positive feature at 800 nm and positive 
LD in the long-wavelength region. Thus the ΔLD spectra reinforced the 
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Figure 3: Normalized 77 K absorption difference (A) and ΔLD (B) 
spectra of membranes (solid) and cells (dashed) from strains RCL-
H1X-r (red) and RCLH1X-g (green) grown in the dark.

conclusions deduced from the LD spectra, that RCs in membranes in 
RCLH1X-g cells show macroscopic order but those in RCLH1X-r cells 
do not. However, order in the arrangement of RCs relative to the long 
axis of the membranes was revealed in both cases when membranes 
were removed from cells. 

A second case where there was a marked difference in the RC-
LH1 complexes that could be fractionated on sucrose gradients was 
between the WT-r strain grown under dark or light conditions, where 
mostly monomers or dimers, respectively, were resolved (Figures 1-A 
and 1-E). Information on the alignment of RCs in oriented samples of 
cells and membranes from this strain could not be obtained from LD 
spectra due the spectral overlap between the RC and LH2 absorption 
bands at 800 nm, but could be obtained from ΔLD spectra, which 
selectively probe absorption changes due to charge separation within the 
RC (Bahatyrova, Frese et al. 2004). Both sets of membranes gave ΔLD 
spectra (not shown) that were similar to spectra reported previously for 
completely ordered RCs (Bahatyrova, Frese et al. 2004, Sznee, Crouch et 
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al. 2014). In contrast, both types of cell had a signal in this region with 
the reverse orientation indicative of a lack of order (as for RCLH1X-r 
cells in Figure 3-B, red-dashed line). Again, when taken together with 
the order exhibited by isolated membranes, this indicated a lack of 
specific order in the arrangement of membranes within cells similar to 
the case for strain RCLH1X-r but contrasting with strain RCLH1X-g 
grown in the dark.

4. DISCUSSION
4.1. Organization of RC-LH1 complexes within intact cells

Extensive microscopic and spectroscopic investigations have led 
to detailed structural models of the photosynthetic membranes from 
Rhodobacter sphaeroides. In previous work the use of LD spectroscopy 
gave the possibility to distinguish between PufX-containing RC-LH1 
complexes that show long-range order in the arrangement of the RC 
relative to the long membrane axis, and PufX-deficient monomeric RC-
LH1 complexes that lack such order (Frese, Olsen et al. 2000). When put 
together with structural information from EM and AFM, this LD and 
ΔLD data has been interpreted in terms of dimeric, PufX-containing RC-
LH1 complexes forming ordered linear arrays within the photosynthetic 
membrane. The fixed orientation of the RC BChls within the LH1 ring 
(shown in yellow in Figure 6-A) gives rise to characteristic LD signals 
when dimers associate in an ordered fashion in membranes (Frese, 
Olsen et al. 2000, Bahatyrova, Frese et al. 2004). In the presence of LH2 
(Figure 6-B), it is proposed that such linear rows of RC-LH1 dimers 
lend an asymmetry to pseudo-spherical chromatophores that cause 
the membranes to orient in squeezed polyacrylamide gels and display 
characteristic LD and ΔLD spectra indicating order (Bahatyrova, Frese 
et al. 2004). In the absence of LH2 these RC-LH1 rows aggregate in 
arrays (shown for two adjacent linear arrays in Figure 6-C). The inherent 
curvature of the dimer along its long axis results in the formation of 
tubular membrane structures that can be purified as a heavy membrane 
fraction and have been analyzed by EM (Hunter, Pennoyer et al. 1988, 
Kiley, Varga et al. 1988, Jungas, Ranck et al. 1999, Frese, Olsen et al. 
2000, Siebert, Qian et al. 2004, Qian, Bullough et al. 2008).

Here we applied LD and ΔLD spectroscopy to cells to assess the 
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presence of long-range order in vivo. Data obtained for the RCLH1X-r 
and RCLH1X-g strains grown in the dark are shown in Figure 2-B (LD) 
and Figure 3-B (ΔLD). For completeness, spectra (not shown) were also 
recorded for cells of the RCLH1X-r and RCLH1X-g strains grown in the 
light, and for a WT-r and WT-g strains grown under both conditions 
(i.e. the eight variations shown in Figure 1). In all but one case the LD 
and/or ΔLD spectra obtained indicated a lack of a preferential alignment 
of the RC population relative to the axis of orientation in the cells, 
despite the fact that the membranes isolated from these cells did exhibit 
order when oriented in a gel. The obvious explanation is that membrane 
structures within these cells are randomly oriented with respect to the 
long axis of the cell, such that macroscopic ordering of the components 
of these cells could not be detected. The one exception to this trend was 
the LH2-deficient strain RCLH1X-g when grown under dark, semi-
aerobic conditions. In this case both the LD and ΔLD spectra gave a 
clear indication of order in the arrangement of the RC population, and 
we attribute this to the likely presence of extensive tubular RC-LH1 
membranes in this LH2-deficient strain that extend along the long axis 
of the cells.

In contrast to dark-grown cells, when strain RCLH1X-g was 
grown in the light the intact cells did not produce a LD or ΔLD 
spectrum indicative of order, and we attribute this to a three to four-fold 
lower level of expression of RC-LH1 complexes under photosynthetic 
conditions as judged from absorption spectra of intact cells (data not 
shown). Apparently during photosynthetic growth there is stronger 
regulation of the expression levels of the RC-LH1 complex, such that 
tubular membranes are either fewer in number or, more probably, less 
extensive and therefore less well aligned with the long axis of the cells.

Although, as assessed through absorption spectra of growing 
cultures (data not shown), levels of RC-LH1 complex were even higher 
in whole cells of strain RCLH1X-r grown in the dark than in cells of 
strain RCLHX-g, the LD and ΔLD spectra for these red cells did not 
contain the spectral fingerprint indicating order. This was despite the fact 
that, as with the equivalent green strain, isolated oriented membranes 
did contain ordered RCs. Here a significant factor may have been the 
presence of a population of LH1 complexes that were not associated with 
RCs, indicated by a smear of pigmentation on sucrose density gradients 
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settling above the band corresponding to RC-LH1 monomers (Figure 
1-C). When present in the membrane with monomeric or dimeric 
RC-LH1 complexes, significant levels of RC-free LH1 rings could 
disrupt the aggregation of the RC-LH1 complexes to form ordered and 
extensive tubular membrane structures. The RCLH1X-g strain did not 
assemble significant levels of RC-free LH1 complexes that could cause 
such disruption (Figure 1-D).

Tubular membranes have been observed earlier in cell sections 
and isolated fractions by electron microscopy (Hunter, Pennoyer et 
al. 1988, Kiley, Varga et al. 1988, Jungas, Ranck et al. 1999, Siebert, 
Qian et al. 2004, Qian, Bullough et al. 2008). Our results confirm the 
presence of this type of membranes in the RCLH1X-g strain in vivo, 
without manipulation that could produce artifacts. By comparison 
with ΔLD spectrum of Frese and co-workers that was constructed from 
membranes containing 50% RC-LH1-PufX and 50% PufX-deficient 
RC-LH1 (Frese, Pàmies et al. 2008) our data indicate a large percentage 
(more than 50%) of oriented RCs relative to the long axis of the cell. 
Such an extensive long-range ordering detected in cells would indicate 
an overall high degree of organization into densely packed arrays. It can 
be interpreted as a general formation of elongated membranes instead 
of the usual spherical shape. It implies that elongated membranes are 
present in a larger amount in the cell than can be observed when isolated 
(Siebert, Qian et al. 2004).

4.2. Organization of RC-LH1 complexes within isolated 
membranes

In contrast to the general assumption that RC-LH1 is present in a 
mostly dimeric form in membranes, when spheroidenone was present 
as the principal carotenoid then the RC-LH1 complexes extracted from 
intact membranes were largely monomeric (Figure 1-A and 1-C). There 
are three possible interpretations of this observation. The first is that the 
principal form of the RC-LH1 complex assembled in all membranes is 
dimeric, but the use of β-DDM to solubilize proteins from the membrane 
produces varying amounts of monomers during the solubilization 
procedure. As discussed in previous publications (Crouch, Holden-Dye 
et al. 2010, Crouch and Jones 2012) this possibility can be discounted, 
as the profile seen for any given combination of genotype and growth 
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condition was highly reproducible across multiple cultures, membrane 
preparations and solubilizations, with no particular sensitivity to precise 
solubilization conditions such as the exact concentration of β-DDM, 
time or temperature. 

To reinforce that point, Figure 4 shows the highly similar profiles 
obtained from sucrose gradients loaded with material from six repeat 
cultures/solubilizations for strain WT-r grown in the dark, where 
the RC-LH1 complex is reproducibly mostly monomeric, and strain 
WT-g grown in the light where the RC-LH1 complex is reproducibly 
mostly dimeric. The sucrose gradients in Figure 5 show that, for strain 
WT-r grown in the dark, the relative amounts of monomer and dimer 
did not change significantly if the concentration of β-DDM used for 
solubilization was varied from the standard 4% to between 2 and 7% 
(concentrations above 7% caused general degradation of RC-LH1 
and LH2 complexes, and concentrations below 2% led to incomplete 
solubilization of membranes). Similarly, no variation in relative dimer 
yield was seen if the solubilization using 4% β-DDM was carried out at 
room temperature or for double standard time of 30 minutes.

Another possible explanation of our results is that the RC-
LH1 complexes are always mainly dimeric when assembled in 
intracytoplasmic membranes, but differences in the detailed structure of 
the dimeric complex, that depend on strain type and growth conditions, 
result in different, but highly reproducible, levels of monomerization of 
dimers after solubilization with β-DDM. If this hypothesis is correct then 
the results obtained from sucrose gradients reveal how variations in the 
type of carotenoid present may modulate the strength of the association 
between RC-LH1 monomers. In this case, when spheroidenone is 
present, in contrast with spheroidene or neurosporene, the structure 
of the dimer is somewhat modified. The interaction between RC-LH1 
monomers becomes weaker and dissociates under even the mildest 
solubilization conditions we have used. We should note here that 
β-DDM is the most appropriate detergent for the isolation of integral 
complexes because of its ability to keep protein-protein interactions 
intact. In higher plants, for example, integral and large photosynthetic 
supercomplexes can be obtained from the solubilization of thylakoid 
membranes with β-DDM (Boekema, van Roon et al. 1998, Caffarri, 
Kouřil et al. 2009, Pagliano, Barera et al. 2012). However, it is perhaps 
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Figure 4: Reproducibility of sucrose gradient fractionation of complexes 
solubilized from intracytoplasmic membranes from strain WT-r grown 
in the dark (top row) or WT-g grown in the light (bottom row). Data 
shown are for six cultures per β-DDM solubilizations. Colored bands 
are attributable to (top to bottom) LH2, RC-LH1 monomers (mon) and 
RC-LH1 dimers (dim).

Figure 5: Sucrose gradient fractionation of complexes solubilized 
from intracytoplasmic membranes from strain WT-r grown in the dark. 
Top – solubilization performed at 4°C for 30 minutes at the indicated 
concentration of β-DDM. Bottom – solubilization performed using 4% 
β-DDM at the indicated temperature and time.
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surprising that the extent of monomerization of a given complex is not 
sensitive to parameters such as detergent concentration. 

The last possible interpretation is that there are variations in the 
relative amounts of monomeric and dimeric RC-LH1 complex that 
are assembled in intracytoplasmic membranes in different strains and 
under different growth conditions, and the profiles observed on sucrose 
density gradients faithfully represent these differences. Given the 
reproducibility described above this would seem to be the most likely 
interpretation, and it implies that β-DDM does not cause significant 
monomerization of dimers during the solubilization procedure, 
irrespective of the starting material. 

The likely presence of monomers in the intact membrane raises 
questions about their effect on the organization of RC-LH1 complexes 
in those membranes, and these can be addressed through the use of 
LD spectroscopy. Previous work has shown the importance of the PufX 
for the dimeric form of RC-LH1. LD spectra for PufX deficient strains 
(Frese, Olsen et al. 2000) or strains with a mutated PufX (Sznee, Crouch 
et al. 2014) indicated a lack of long-range order in the arrangement of 
the RC-LH1 complexes in intact membranes, leading to the conclusion 
that the mutations cause a modification in the organization of RC-LH1 
complexes from ordered dimers to unordered monomers. In contrast to 
these previous studies we found that, irrespective of growth conditions 
or carotenoid content or the presence/absence of LH2, all preparations 
of intact intracytoplasmic membranes yielded LD and/or ΔLD spectra 
indicating an ordered arrangement of RCs when the native PufX was 
present. In the case of LH2-deficient membranes that contain the native 
PufX this LD spectral signature of ordering has been associated with 
the presence of arrays of RC-LH1 dimers (Frese, Olsen et al. 2000). This 
tallies with the high yields of dimers that could be isolated from strains 
with native carotenoids grown under photosynthetic conditions (Figure 
1-E, 1-G), or either of the strains containing green carotenoids (Figures 
1-B, 1-D, 1-F, 1-H), but not with the high yields of monomers obtained 
from strains WT-r or RCLH1X-r grown in the dark (Figures 1-A and 
1-C, respectively). The data in Figure 1 suggest that RC-LH1 complexes 
have a different structure in the latter strains when grown under aerobic 
conditions, with the crucial factor likely to be the type of carotenoid 
(spheroidenone) present in the complex, as there are no indications 
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that any other components vary according to growth conditions (and it 
should be noted that results obtained with green strains were essentially 
independent of growth conditions). In contrast to the PufX-mutant 
strains previously described (Frese, Olsen et al. 2000, Sznee, Crouch et al. 
2014) long range order is observed with the spheroidenone-containing 
complexes. This comparison leads towards the conclusion that a change 
in carotenoid composition does not have such a strong effect on the 
membrane organization as a modification of the structure of PufX, or 
its absence.

Taken together with the profiles obtained using sucrose 
gradients, the simplest interpretation of our data on spheroidenone-
containing membranes is that they contain mostly monomeric RC-LH1 
complexes, but these are packed together in the crowded membrane in 
a largely ordered fashion that produces similar LD and ΔLD spectra 
to membranes from strains with spheroidene or neurosporene as the 
principal carotenoid, where the dimeric form is predominant. This 
requires the assumption that the inherent elliptical shape of an individual 
monomeric RC-LH1 complex (Figure 6-D) can induce order in the 
arrangement of multiple such complexes when packed together in the 
membrane. In fact this is in line with previous work on a PufX-deficient 
strain that contains LH2, where the flexibility of the LH1 ring, together 
with the inherent asymmetry of the RC, results in an elliptical shape 
for the PufX-deficient monomeric RC-LH1 complex with a closed ring 
of LH1 around each RC. ΔLD spectra of membranes from this strain 
indicated partial order in the arrangement of its PufX-deficient RC-LH1 
complexes, which was attributed to close packing of multiple elliptical 
monomers (Jungas, Ranck et al. 1999, Frese, Olsen et al. 2000, Siebert, 
Qian et al. 2004, Qian, Hunter et al. 2005, Frese, Pàmies et al. 2008, Qian, 
Bullough et al. 2008). In the present case a similar packing phenomenon 
could result in largely monomeric and elliptical PufX-containing RC-
LH1 complexes being organized into ordered domains in a similar way 
to the dimeric form (Figure 6-E, 6-F). As the RC cofactors exhibit a 
C2 symmetry each elliptical RC-LH1 complex could adopt one of two 
orientations within an ordered array, and so such arrays could either 
be highly uniform in nature with a single orientation (Figure 6-E) or 
more heterogeneous with a mixture of two opposing orientations 
(Figure 6-F). Furthermore, the presence of some dimeric RC-LH1 
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complexes could aid in the uniform alignment of RC-LH1 monomers 
more precisely than LH2 complexes could in the LH2-containing PufX-
deficient membranes as stated above. 

At present, we cannot exclude the possibility that a weak 
interaction between RC-LH1 monomers is present in spheroidenone-
containing membranes and leads to a similar organization as obtained 
in membranes with dimeric spheroidene- or neurosporene-containing 
complexes. More extensive AFM studies of membranes from such 
spheroidenone-containing cells could shed more light on this if the 
resolution were sufficient to distinguish RC-LH1 dimers from closely-
associated, ordered RC-LH1 monomers. 

4.3. Physiological relevance of changes in membrane 
organization

Finally, it is relevant to consider the importance of the modification 
of carotenoid content and its effect on the RC-LH1 structure at 
the physiological level. As outlined in the Introduction, Šlouf and 
co-workers (Šlouf, Chábera et al. 2012) have recently delineated a 
photoprotective mechanism that would be activated on the conversion 
of spheroidene to spheroidenone in response to the presence of oxygen. 
A feature of this spheroidenone-specific mechanism was proposed to 
be a twisting of the carotenoid into an altered conformation to increase 
its conjugation length and so tune its energy levels. An accompanying 
effect of such a change in the conformation of the ~56 carotenoid 
molecules located in each RC-LH1 dimer could be a structural change 
at the dimer interface that manifests either as a markedly increased 
propensity for monomerization on solubilization of intact membranes, 
or the presence of ordered monomers rather than ordered dimers in 
the spheroidenone-rich membrane. A possible relevant point to note is 
evidence of interactions between carotenoid and the PufX protein that 
is thought to be positioned close to the dimer interface and play a role 
in dimerization of the RC-LH1 complex (Aklujkar and Beatty 2005, 
Holden-Dye, Crouch et al. 2008). In addition to direct structural effects, 
a change in carotenoid composition and conformation on switching 
cells from anaerobic to aerobic growth could affect the properties of the 
RC-LH1 dimer through an indirect effect on this crucial PufX protein.

In addition to producing this experimentally observable effect 
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Figure 6: Models of the dimeric RC-LH1 complex and the organization 
of RC-LH1 complexes in different Rba. sphaeroides membranes. (A) 
Model of an RC-LH1 dimer constructed as described in detail previously 
(Crouch, Holden-Dye et al. 2010, Crouch and Jones 2012); on the right 
the RC is shown as a solid object with the largely extra-membrane 
H-polypeptide highlighted in dark grey, whilst on the left only the 
macrocycles of the accessory BChls (spheres) and primary electron 
donor BChls (sticks, edge-on) are shown (carbons in yellow). For both 
monomers the 28 LH1 BChls are shown as spheres colored alternating 
red and orange, the 14 LH1 α- and β-polypeptides as cyan or magenta 
ribbons, respectively, and the single PufX as a green ribbon. (B) Linear 
array of RC-LH1 dimers in membranes also containing LH2 (smaller 
circles); (C) 2-D array of RC-LH1 dimers in membranes lacking LH2; 
(D) Monomeric, elliptical RC-LH1 complexes; (E) Array of monomeric, 
elliptical RC-LH1 complexes, each with a uniform orientation; (F) More 
heterogeneous array of monomeric RC-LH1 complexes, each in one of 
two possible orientations.

on the amount and/or stability of the RC-LH1 dimer, a significant 
structural change at the dimer interface could conceivably also serve to 
partially decouple the antenna pigments in the two halves of the dimer 
and so further contribute to photoprotection of the system. The triplet 
excited states that sensitize singlet oxygen tend to be formed at high 
levels in antenna systems when there is an interruption to the flow of 
excited state energy into the trap formed by the RC electron transfer 
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chain. Decoupling of the two halves of an RC-LH1 dimer could limit the 
delivery of excited state energy to a damaged half of the dimer, reducing 
the probability of further damage whilst still delivering excitation energy 
to the functional half. It seems reasonable to postulate that under non-
stress conditions the dimeric structure offers advantages in terms of 
the efficiency with which energy can be delivered from LH1 to an open 
and functional RC, but such a flexible arrangement could be deleterious 
under conditions where photodamage is closing RCs and increasing the 
levels of harmful BChl triplets and singlet oxygen.

A photoprotective response corresponding to a carotenoid 
conformational change that induces a modification of a protein 
structure and results in a remodeling of the photosynthetic membrane 
has also been observed in the main light harvesting complex of plants 
(Bassi and Caffarri 2000, Ruban, Berera et al. 2007), in diatoms (Lavaud, 
Rousseau et al. 2002) and cyanobacteria (Wilson, Ajlani et al. 2006). 
Photosynthetic organisms have possibly developed similar mechanisms 
to deal with deleterious excess of light.

5. CONCLUSIONS
We performed an in vivo investigation of the organization of purple 

bacterial photosynthetic complexes by measuring LD on oriented, 
intact cells. Only one green strain, containing RC-LH1 complexes in a 
predominantly dimeric configuration and lacking LH2, showed long-
range ordering of RCs. This result can best be explained by the packing 
model, where RC-LH1 dimers precisely interlock, forming elongated 
tubular membranes (Frese, Olsen et al. 2000). Our data indicate a 
high proportion of elongated membranes with all embedded RC-LH1 
complexes in uniform orientation within intact cells from this specific 
strain. 

Sucrose density gradient fractionation of solubilized membranes 
from different strains and growth conditions showed major and 
reproducible variations in the relative amounts of the monomeric 
and dimeric forms of RC-LH1. Despite the main presence of native 
monomers in some cases, LD spectroscopy performed on all intact 
membranes preparations indicates that RCs, and by extension RC-
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LH1 complexes, are organized in a highly ordered fashion. Monomeric 
RC-LH1 complexes are prevalent when strains with native carotenoids 
are grown in the presence of oxygen, a growth condition in which 
spheroidenone is synthesized. As this carotenoid was recently found 
to have a particular photoprotective role (Šlouf, Chábera et al. 2012), 
it is tempting to speculate that a switch from dimeric to monomeric 
architecture for the RC-LH1 complex also forms part of this 
photoprotective response, a change that could occur with only minor 
remodeling of the membrane. Although RC-LH1 monomers have been 
observed before in AFM images, they have been omitted from derived 
models. Our data highlights the necessity to include RC-LH1 monomers 
in the models of Rba. sphaeroides membranes. 
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SUMMARY
Life on Earth is greatly dependent on photosynthesis, 

which is able to use sunlight to power biological processes. 
Changing in the environment and especially in light conditions 
is a frequent and critical challenge commonly encountered by 
all photosynthetic organisms. This thesis focuses on light energy 
regulation mechanisms and gives an attempt to unveil some 
strategies to reach an optimum light harvesting efficiency but also 
to deal with light excess by dissipation. In particular, this work 
is implemented on photosynthetic organisms that were among 
the first to colonize the Earth, the cyanobacterium Synechocystis 
sp. PCC 6803 and the purple bacterium Rhodobacter sphaeroides, 
commonly used as model in research. Regulation processes at the 
molecular level via pigment-binding proteins are investigated. The 
relation between the structural arrangement and composition of 
proteins and pigments relative to functionality is studied with the 
help of spectroscopic and biochemical methods.

The importance of photosynthesis for life and the 
contribution especially of photosynthetic microorganisms for 
a sustainable future to answer to some actual major challenges 
are discussed as a general introduction in Chapter I. A brief 
description of the photosynthetic microorganisms studied in this 
work, cyanobacteria and purple bacteria, is given as an overview 
to get familiar with their main features before going deep into the 
specific topics of this thesis. The techniques used are also briefly 
reviewed.

Chapters II, III and IV are a continuation of some previous 
work done on the Iron Stress-Induced Protein A, IsiA, which plays 
an important role under iron limitation in natural habitats but 
also as a response to light stress and oxidative stress. IsiA, when 
synthesized, associates around Photosystem I (PSI) and increases 
the capacity of the photosystem to harvest light. When the stress is 
prolonged, IsiA is accumulates in the photosynthetic membrane. 
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The IsiA proteins in excess are not associated with a photosystem 
and form aggregates, which are able to dissipate the light energy 
rapidly into heat. This role in quenching is explored in Chapters 
II and III.

In Chapter II, light energy dissipation by IsiA is studied 
in mutants missing specific types of carotenoids to test their 
importance in cells grown under iron depletion. The goal was to 
determine if the four carotenoids present in IsiA are essential for 
its assembly and its function in energy dissipation. With the help 
of mutations in the carotenoid synthesis, we tried to resolve which 
of one of the different carotenoids present acts as a quencher. We 
observed that IsiA is formed in carotenoid mutants with most of 
the binding sites of missing carotenoids being occupied by other 
carotenoids. The ability of IsiA to quench remains essentially 
unchanged even in a double mutant having three β-carotene 
molecules instead of the four native carotenoids.

In Chapter III, the presence and properties of IsiA in a 
monomeric form is investigated. IsiA exists mainly in the form of 
oligomers, either attached to PSI or not associated to a photosystem. 
The carotenoid content was analyzed and the spectrum properties 
of IsiA monomers and aggregates were compared. In monomers, 
the lack of one β-carotene molecules is observed and a weaker 
quenching property. This result, when combined with the 
investigations performed with carotenoid mutants, indicates that 
the β-carotene molecule missing could be the quencher. In the 
light of the recent structure published after the review of this thesis 
(Toporik et al, 2019), even if the carotenoids cannot be identified, 
our hypothesis is supported. 

Chapter IV reviews a large part of the research related to 
IsiA. The different expression conditions and its arrangement in 
the thylakoid membrane are described. The two functions, light 
harvesting and energy dissipation, are addressed separately. The 
way the cells deal with these two functions is also discussed. 
IsiA presence in natural habitats is probably more frequent than 
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estimated in the standard growth conditions of the laboratory. 
With its high flexibility and the adaptation of its expression level, 
IsiA can arrange in various complexes with and without PSI. IsiA 
is able to increase the light harvesting efficiency when associated to 
a PSI reaction center and to dissipate light in excess when forming 
aggregates.

In Chapter V, the structural origin of the red most chlorophyll 
in the CP47 subunit of the Photosystem II (PSII) core complex 
is examined in Synechocystis cells lacking the PsbH subunit. The 
characteristic fluorescence spectrum at 77 K of CP47 with the 
693 nm band from its red chlorophyll is affected by the absence 
of PsbH, while CP47 is found to be present. The crystal structure 
shows that the amino acid Thr H5 of PsbH has a hydrogen bond 
with the 131-keto group of the Chl a 627 of CP47. Due to the 
affected activity of PSII when PsbH is absent, the red chlorophyll 
of CP47 has a possible role in photoprotection that might involve 
a nearby β-carotene molecule.

In Chapter VI, the focus is given on non-oxygenic 
prokaryotes. In the purple bacterium Rhodobacter sphaeroides, the 
relation between the carotenoid composition and the membrane 
organization is investigated by linear dichroism performed on cells 
combined with the determination of the structural assembly of the 
photosynthetic complexes in several strains. A possible correlation 
between the carotenoid composition and the modification of 
the RC arrangement as a photoprotective response is given as a 
hypothesis.

With this thesis, we give some evidence that to cope with 
changing light conditions, energy regulation can be achieved 
via the rearrangement of a chlorophyll-binding protein that is 
peripheral to the reaction center. This strategy is commonly found 
in photosynthetic organisms. Similarly to some light harvesting 
antennae of algae and plants, IsiA is able to play the dual role of 
antenna when bound to a photosystem or energy dissipater when 
not associated. Additionally, we show the importance of a specific 
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pigment within photosynthetic complexes. It is the case in PSII 
with the Chl a 627 of CP47 that seems important to the activity 
of the photosystem. We also show that carotenoids play a role 
in energy regulation and in the arrangement of the membrane 
proteins into monomeric or oligomeric complexes in oxygenic 
and anoxygenic prokaryotes.
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SAMENVATTING
Het leven op aarde is sterk afhankelijk van fotosynthese, 

die zonlicht kan gebruiken om biologische processen te voeden. 
Verandering in de omgeving en vooral in lichtomstandigheden 
is een veel voorkomende en belangrijke uitdaging die alle 
fotosynthetische organismen vaak tegenkomen. Dit proefschrift 
richt zich op mechanismen voor de regulering van lichtenergie 
en geeft een poging om enkele strategieën te ontdekken om een 
optimale efficiëntie van licht te bereiken. Dit werk is uitgevoerd 
op fotosynthetische organismen die als één van de eersten de 
aarde koloniseerden en die vaak worden gebruikt als model in 
onderzoek, de cyanobacterie Synechocystis sp. PCC 6803 en de 
purpurbacterie Rhodobacter sphaeroides. Regulatieprocessen 
op moleculair niveau via pigment-bindende eiwitten worden 
onderzocht. De relatie tussen de structuur en samenstelling van 
eiwitten en pigmenten ten opzichte van functie is bestudeerd met 
behulp van spectroscopische en biochemische methoden.

Het belang van fotosynthese voor het leven en de bijdrage 
in het bijzonder van fotosynthetische micro-organismen voor 
een duurzame toekomst als antwoord op enkele belangrijke 
uitdagingen worden in Hoofdstuk I besproken als een algemene 
inleiding. Een korte beschrijving van de fotosynthetische micro-
organismen die in dit werk zijn bestudeerd, cyanobacteriën en 
purpurbacteriën, wordt gegeven als een overzicht om vertrouwd te 
raken met hun belangrijkste kenmerken voordat we dieper ingaan 
op de specifieke onderwerpen van dit proefschrift. De gebruikte 
technieken worden ook kort besproken.

De Hoofdstukken II, III en IV zijn een voortzetting 
van enkele eerdere werkzaamheden aan de door ijzerstress 
geïnduceerd proteïne A, IsiA (Iron Stress-Induced Protein A), 
dat een belangrijke rol speelt onder ijzerbeperking in natuurlijke 
habitats, maar ook als reactie op lichte stress en oxidatieve stress. 
IsiA, wanneer gesynthetiseerd, associeert zich rond Fotosysteem 
I (PSI) en verhoogt de capaciteit van het fotosysteem om licht te 



209

oogsten. Wanneer de stress wordt verlengd, hoopt IsiA zich op in 
het fotosynthetische membraan. De overtollige IsiA-eiwitten zijn 
niet geassocieerd met een fotosysteem en vormen aggregaten die 
de lichtenergie zeer snel in warmte kunnen omzetten. Deze rol 
wordt onderzocht in de Hoofdstukken II en III.

In Hoofdstuk II wordt de dissipatie van lichtenergie door 
IsiA bestudeerd bij mutanten die specifieke soorten carotenoïden 
missen, om de functie van deze carotenoïden te testen in cellen 
die onder ijzerbeperking worden gekweekt. Het doel was om te 
bepalen of carotenoïden essentieel zijn voor IsiA-vorming en of ze 
een rol spelen bij energiedissipatie. Met behulp van mutaties in de 
carotenoïdensynthese hebben we geprobeerd te ontdekken welke 
van de verschillende aanwezige carotenoïden functioneren als 
energieverspreider. We hebben vastgesteld dat IsiA wordt gevormd 
in carotenoïde mutanten waarbij de meeste bindingsplaatsen van 
ontbrekende carotenoïden worden bezet door andere carotenoïden. 
Het vermogen van IsiA om overtollige energie af te voeren blijft in 
wezen onveranderd zelfs in een dubbele mutant met alleen drie 
β-caroteen in plaatst van de vier oorspronkelijke carotenoïden.

In Hoofdstuk III wordt de aanwezigheid en eigenschappen 
van IsiA in monomeervorm onderzocht. IsiA komt normaliter 
in de vorm van oligomeren, hetzij verbonden aan PSI of niet 
gekoppeld aan een fotosysteem. Het carotenoïdengehalte wordt 
geanalyseerd en de spectrale eigenschappen van IsiA-monomeren 
en -aggregaten worden vergeleken. In monomeren is het ontbreken 
van één β-caroteenmolecuul vastgesteld evenals een lagere 
omzetting van lichtenergie in warmte. Dit resultaat, in combinatie 
met de onderzoeken uitgevoerd met carotenoïde mutanten, 
geeft aan dat het ontbrekende β-caroteenmolecuul de overmatig 
energie zou kunnen wegnemen als warmte. Deze hypothese wordt 
ondersteund door de structuur van het PSI-IsiA complex die kort 
geleden is gepubliceerd na de beoordeling van dit proefschrift 
(Toporik et al, 2019).

Hoofdstuk IV bespreekt een groot deel van het onderzoek 
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naar IsiA. De verschillende expressieomstandigheden en de 
plaatsing ervan in het thylakoïde membraan werden onderzocht. 
De twee functies, het oogsten en dissiperen van lichtenergie, 
worden afzonderlijk behandeld. De manier waarop de cellen 
omgaan met deze twee functies wordt ook besproken. IsiA-
aanwezigheid in natuurlijke habitats komt waarschijnlijk vaker 
voor dan geschat in de standaard groeiomstandigheden van het 
laboratorium. Met zijn hoge flexibiliteit en de aanpassing van zijn 
expressieniveau, kan IsiA verschillende complexen vormen met en 
zonder PSI. IsiA is in staat om de lichtoogstefficiëntie te verhogen 
wanneer geassocieerd met een PSI-reactiecentrum en overtollig 
licht te dissiperen bij het vormen van aggregaten.

In Hoofdstuk V wordt de rol van het meest rode chlorofyl 
in de CP47-subeenheid van fotosysteem II (PSII) onderzocht 
in Synechocystis cellen die de PsbH-subeenheid missen. Het 
karakteristieke fluorescentiespectrum bij 77 K van CP47 met de 
693 nm-band van het rode chlorofyl wordt sterk beïnvloed door 
de afwezigheid van PsbH, terwijl CP47 aanwezig blijkt te zijn. De 
kristalstructuur toont aan dat het aminozuur Thr H5 van PsbH een 
waterstofbinding heeft met de 131-ketogroep van Chl a 627 van 
CP47. Vanwege de verminderde activiteit van PSII wanneer PsbH 
afwezig is, speelt het rode chlorofyl van CP47 een mogelijke rol 
bij de bescherming tegen licht, waarbij mogelijk een nabijgelegen 
β-caroteenmolecuul betrokken is.

In Hoofdstuk VI wordt de nadruk gelegd op prokaryoten 
die geen zuurstof produceren. In de purpurbacterie Rhodobacter 
sphaeroides wordt de relatie tussen de carotenoïde samenstelling 
in verschillende stammen en de membraanorganisatie onderzocht 
door lineair dichroïsme metingen aan cellen in combinatie met de 
bepaling van de structuur van de fotosynthetische complexen. De 
carotenoïde samenstelling heeft mogelijk een rol bij het aanpassen 
van membraaneiwitten organisatie als een fotoprotectieve 
antwoord.

Met dit proefschrift geven we aanwijzingen gevonden dat 
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energieregulatie als gevolg van veranderende lichtomstandigheden, 
kan worden bereikt via de herschikking van een chlorofyl-
bindend eiwit aan de rand van het reactiecentrum. Deze strategie 
wordt vaak aangetroffen in fotosynthetische organismen. Net 
als sommige lichtoogstantennes van algen en planten, is IsiA 
in staat om de dubbele rol van antenne te spelen wanneer deze 
is gebonden aan een fotosysteem of energiedissipater wanneer 
deze niet is gekoppeld. Bovendien tonen we het belang van een 
specifiek pigment in fotosynthetische complexen. Het is het geval 
in PSII met de Chl a 627 van CP47 dat belangrijk lijkt voor de 
activiteit van het fotosysteem. We laten ook zien dat carotenoïden 
een rol spelen bij energieregulatie en bij de rangschikking van 
de membraaneiwitten in monomeer of oligomeer complexen in 
zuurstofrijke en anoxygene fotosynthese van prokaryoten.
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