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Title : Study of proton pumping mechanisms of bovine cytochrome ¢ oxidase during

oxygen catalytic cycle by time resolved IR spectroscopy

Applicant : Chen Li

1. Abstract of the thesis

Cytochrome ¢ oxidase (CcO) is the terminal enzyme in the cellular respiratory chain, which
reduces molecular oxygen to water molecule. This catalyze cycle is coupled with proton
pumping across the membrane. To elucidate this proton pump coupling mechanism, observation
by time resolved infrared spectroscopy, which can measure proton transfer under aqueous
solution in real time during the reaction, is indispensable. However, in the presence of strong
absorption of water, such studies have not been carried out since very weak signals of reaction
intermediates must be measured in a short time. Ms. Li used the infrared spectrometer
measurable even in an aqueous solution developed in the laboratory, connected a flow cell
system capable of oxygen reduction reaction with CcO solution in time-resolve manner, and has
measured the intermediate states of CcO successfully for the first time.

From the X-ray structure analysis, a proton path called H-pathway which is conserved only
in mammalian CcO has been proposed for proton pumping. In bovine CcO, an aspartic acid
residue D51 located at the terminal of H-pathway is changed by redox of the enzyme and
proposed to be the released site of the proton. Since the oxygen reduction reaction of CcO is
coupled with the proton pumping, it is essential to clarify the dynamic behavior of the
protonated carboxyl group during the reaction. Since the structural changes in these proteins can
be detected by infrared spectroscopy, Ms. Li utilized the newly developed highly sensitive time
resolved infrared spectroscopy (TRIR) to measure protein structural changes in the oxidative
phase of the CcO catalytic cycle. As a result, the D51 was revealed to show protonation and
deprotonation during the catalytic cycle. Protonation of D 51 was seen between the P and F
states and also showed a proton pumping through D 51 even in the O state. This is the first
example to directly detect the proton pumping through D51 during the reaction. In addition, the
dynamics of E242, heme a3 propionate group and Mg*/H,O cluster were observed. The
behavior of E 242 and heme a3 showed activation of the proton pumping pathway (D-pathway)
for water production. In the Mg?"/H,O cluster, a decrease in polarity due to the release of H' for
the proton pump was observed.

In this manner, Ms. Li succeeded in developing the TRIR system and observed the protein
dynamics of CcO during the oxygen reduction catalytic cycle. Detailed analysis revealed the
behavior of the protein moiety of proton pumping coupling mechanism, which was previously
unknown. Furthermore, this system has the merit of being able to measure changes in general
protein structure during reaction under physiological conditions, and future development can be
expected.



2 . Evaluation of the thesis and the final examination

Since CcO is an essential enzyme for the respiratory chain, and is one of the most important
enzymes in the energy metabolism, the researches to elucidate its function have been vigorously
promoted. Especially, the clarification of the coupling mechanism between the catalytic cycle
for the oxygen reduction reaction and the proton pumping is the most important problem.
However, in order to elucidate it, infrared spectroscopic measurement with time resolve manner
in the aqueous solution is essential, but it has not been performed because of experimental
difficulties. This research is the first research in the world where the proton pumping of the
oxygen reduction reaction was directly observed by combining the infrared spectroscopy device
developed in the laboratory with a flow system capable of observing intermediates during
reaction.

Accordingly, the results of this research gave a direct observation of the protein dynamics
involved in the coupling mechanism of CcO proton pumping, and showed that it is possible to
measure the dynamic process of protein under physiological conditions. This result opens a
completely new phase in the study of the proton pumping coupling mechanism of CcO, which is
the most important basis for future research. Thus, this study is a research that clarified the most
important part experimentally in clarifying the whole picture of the proton pumping coupling
mechanism, and it can be evaluated that it is an outcome with excellent significance

Thus, the reading committee members listed below hereby state our full approval of the
thesis completed by Ms. Li in fulfillment of the requirements for the degree of Doctor os
Science in the Graduate School of Life Science.

The committee also certifies that the applicant passed the final oral examination on her
thesis and related issues held on Xxx yy in 2018.

The chief examiner : Masaru Tateno

The second readers : Masao Sakaguchi

: Yoshitsugu Shiro

: Shingo Nagano
(BURF R B L 7es, #d%)

: Constantinos Varotsis

(Professor, Cyprus University of Technology, Cyprus)
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RE:  Review of PhD thesis of Ms. Li Chen
Dear colleagues

With this letter I wish to provide a short review concerning the Doctorate Dissertation of Ms. Li Chen.
This thesis, titled “Study of proton pumping mechanism of bovine cytochrome ¢ oxidase during
oxygen catalytic cyde by time-resolved IR spectroscopy”, presents the results of novel experimental
research work, performed by the author, Ms. Li Chen, and is submitted as part of the requirements for
fulfilling the PhD degree at the U. of Hyogo.

In the framework of his thesis research, supervised by the late Prof. T. Ogura, the candidate has
employed time-resolved IR Spectroscopy to investigate, from a mechanistic standpoint, a number of
distinct processes taking place during the redox action of the bovine cytochrome ¢ oxidase in an effort
to understand how the protein functions and performs key biochemical tasks related to respiration.
The thesis comprises seven (7) main chapters, preceded by a short Introduction and followed by an
Appendix featuring specific experimental details. Relevant bibliography is provided at the end of the
thesis. The total length of the thesis is 118 pages from cover to end. The whole document is written in
the English language.

Introduction

The Introductory section provides briefly the motivation for the present study and the author explains
in short that has focused on the use of time-resolved IR spectroscopy to follow kinetically the
structural changes of the protein.

Chapter II: Construction of time-resolved IR system

In this Chapter the author presents in detail, the construction of the time-resolved system used for the
study of CcO |

Chapter I1I: Flow cell with oxygen lung system

The 3™ chapter of the thesis provides detail description of the flow cell in conjunction with the oxygen
lung system that was successfully used in the past in the laboratory of Prof. Ogura

Chapter IV: System estimation

Estimation of the photolysis experiments and reliability of the system was described in this chapter

Chapter V: In this chapter the measurements of the time resolved IR measurements of CcO were
repotted.

Chapter VI: The coupling mechanism of CcO was analyzed and reported.




Overall, the research work presented in this thesis is quite systematic and the investigation quite
detailed and thorough. The content and quality of this thesis demonstrates that the author has a very
good knowledge of the subject and an excellent understanding of the critical issues and challenges
involved in the study of complex biochemical systems.

Considering all the above, I am pleased to declare that the PhD thesis prepared by Ms. Li Chen fulfils,
to my opinion, all the requirements of quality and innovative research to be accepted as a PhD
dissertation at the University of Hyogo and I feel it can be presented in the context of the foreseen oral
defense.

Sincerely

i

Constantinos Varotsis

Professor
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