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PREFACE 

The understanding of the excited state relaxation dynamics is important to describe the 

biological function of heme proteins. Heme proteins, for example, cytochrome c (Cyt c) has 

various biological functions including electron transfer from cytochrome c reductase to 

cytochrome c oxidase, energy transfer in mitochondrial transport chain reaction, catalysis of 

redox reactions such as oxidation of cardiolipin, and triggering of cell apoptosis. The 

electronic, vibrational and conformational changes of the protein due to redistribution of the 

excess energy generated by biological functions play an important role. These can be triggered 

optically by ultrafast laser and accompanying electronic, vibrational, and conformational 

relaxation dynamics in the heme group and the surrounding protein can be investigated.  

Chapter 1 gives an overview of biological functions and ultrafast dynamics of heme 

model compounds and heme proteins. The details of the instrumentation and analysis of 

femtosecond transient absorption spectra are discussed in Chapter 2. 

The prosthetic group of heme proteins, iron metalloporphyrins serve as a model system 

to understand its biological functions. Hence the ultrafast excited state relaxation dynamics of 

various heme model compounds (HeminCl, HeminBr and Heminmeso) and met-

myoglobin (metMb) have been investigated in Chapter 3 with the aim of understanding the 

influence of the axial ligands, peripheral substituents and the solvents on the excited state 

relaxation dynamics of the heme. Transient absorption spectra of the model compounds are 

systematically measured using femtosecond pump−probe spectroscopy upon excitation at 380 

nm. An excited state deactivation pathway of the model compounds comprising different 

electronic spin states of iron is proposed along with the vibrational cooling processes based on 

the spectral evolution and the data analysis. This study revealed that the involvement of 

multiple iron spin states in the electronic relaxation dynamics of heme model compounds and 

metMb is an inherent feature of the heme b type1. 
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Cytochrome c (Cyt c) is an important heme protein used as a model system for electron 

transfer proteins and folding-unfolding studies. The interaction dynamics of Cyt c with various 

phospholipids having different charges [CL: 2, POPG: 1 and POPC: 0] are discussed in 

Chapter 4 to understand the electronic, vibrational, and conformational changes of the protein 

in its partially unfolded state.  The various degrees of partial unfolding in Cyt c in the presence 

of liposomes are studied with absorption, fluorescence, CD spectra and femtosecond time 

resolved pump-probe spectroscopy. The decrease of efficiency of fluorescence resonance 

energy transfer (FRET) from tryptophan (Trp) to heme upon an increase of the partial unfolding 

of the proteins by liposomes revealed the Trp as a marker amino acid to reflect the dynamics 

of partial unfolding of the protein. In addition, the refolding of the protein after the addition of 

NaCl indicated the electrostatic interaction between Cyt c and liposomes rather than the 

hydrophobic interaction2. 

Malaria is a serious life threatening disease to human health. The malaria parasite 

digests host hemoglobin (Hb) and produces free hematin which further crystallizes to insoluble 

hemozoin. Most of the antimalarial drugs inhibit the crystallization of hematin to hemozoin. 

The exact mechanism of interaction of antimalarial drugs with hematin is remaining elusive. 

In Chapter 5, we discuss the interaction dynamics between the Hematin and antimalarial 

drugs chloroquine (CQ) and mefloquine (MFQ) in pH 5.5 and 7.0 using steadystate and 

timeresolved absorption and emission spectroscopy. We observed the formation of a ground 

state complex of Hematin with CQ and MFQ. The excited state relaxation pathway of 

Hematin in the presence of drugs comprises both multiple electronic spin states and vibrational 

relaxation process. HematinCQ complex was more stabilized than Hematin by non-covalent 

interactions and thereby preventing the formation of hemozoin3. This study will help in 

developing new antimalarial drugs to overcome the parasite resistance. 
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Chapter 1 

An Overview on Ultrafast Dynamics of Heme and 

Heme Proteins 

 

1.1 Abstract 

Heme proteins are very large class of metalloprotein containing heme 

(Protoporphyrin IX) as the prosthetic group. Heme proteins carry out various functions 

originating from the flexibility of the heme group and the diversity of interactions with 

protein backbone. Understanding the dynamics of a protein is important for describing its 

functionality. The chemistry behind all these processes occurs on a large range of 

timescales. It can be optically triggered using a short light pulse and the associated 

electronic as well as vibrational relaxation dynamics of the heme group and the 

surrounding protein can be studied. Optical methods are often used to understand the 

global protein conformational dynamics triggered by localized excess of vibrational energy 

for heme proteins, ligand photolysis and energy dissipation and redistribution. In 
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this chapter, an overview of heme and heme proteins and their ultrafast dynamics are 

discussed. 

1.2 Introduction 

The important building block of life, proteins have a unique structure and functions. 

Heme proteins are very large class of metalloprotein containing heme (Fe Protoporphyrin 

IX) as the metal cofactor, and considered to be the ubiquitous active centres for these heme 

proteins. The chemical structure of heme is shown in Figure 1.1. Heme proteins have 

various functions such as electron transfer1 , ligand sensing2 and transport3, metal ion 

storage4 and substrate oxidation.5 Moreover, these proteins are involved in other biological 

functions such as apoptosis or programmed cell death6, steroid biosynthesis7 and aerobic 

respiration.8 The respiratory proteins such as myoglobin (Mb) and hemoglobin (Hb) serve 

as oxygen storage and transport agents respectively. Cytochrome b, c and p450 function as 

electron transfer agents and mono-oxygenases. This variety of functions originates from 

the flexibility of the heme group and the diversity of interactions with protein frameworks 

that produce different heme environments. There has been a large amount of research for 

the last half century about understanding of the various functions of heme proteins.  

1.3 Heme Model Compounds 

Heme model compounds are single porphyrin complex designed to be similar to the 

prosthetic heme group found in heme proteins. Model compounds are used as a building 

block to understand the dynamics of the heme proteins.9 The porphyrin molecule of the 

heme is a heterocyclic macrocycle having four pyrroline units interconnected through 

methine bridges and their α-carbon atoms. The porphyrin can coordinate hydrogen or metal 

cations in its center by four indole nitrogen atoms to perform a  
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Figure 1.1 The chemical structure of heme. 

 

variety of different functions that exploit the oxidation state, electronic structure, and axial 

ligation of the metal centre.10 The conjugated tetrapyrrole rings are strongly absorbing 

chromophores with electronic transitions in the visible and ultraviolet regions of the 

electromagnetic radiation. The most apparent example is the chlorophyll and bacterio-

chlorophyll which act as primary photoreceptor in Photosynthesis.11 Natural and synthetic 

metalloporphyrins found applications in medical therapeutics, energy conversion, 

optoelectronic thin films, photodynamic therapy and molecular electronics.12-15 Most of 

these applications involve electronic dynamics, including population of electronically 

excited states. However, some applications exploit the axial ligation of the central metal 

atom. The porphyrins can readily complex with many metal atoms such as iron (Fe), zinc, 

copper, magnesium, cobalt, and nickel.9, 16 Iron metallo-porphyrins are of the highest 

biological significance, as it is the active site of heme proteins present throughout the living 

systems. The dynamics of cyclic metallo-tetrapyrroles are mainly controlled by electronic 

relaxation dynamics including internal conversion (IC) and intersystem crossing (ISC). It 

was reported that the excited state evolution of model porphyrins follows an initial charge 

transfer (CT) mechanism occurring on   
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subpicosecond to nanosecond time scales. The heme reactivity can be tuned by the 

number and nature of axial ligands to Fe17, the accessibility of the heme to exogenous 

ligands, the distribution of polar and charged groups around the heme10, and the heme-

binding site and of the protein. Depending upon the nature of peripheral substituent on the 

porphyrin macrocycle the heme group can be varied. Six possible coordination sites are 

available for the iron atom. The four nitrogen of the porphyrin ring bind to the iron, leaving 

the other two positions of the iron available for bonding to the  protein and a divalent 

atom.18 There are different kinds of biologically important heme such as heme a, heme b, 

heme c etc. The chemical structures of heme a, heme b and heme c are shown in Figure 

1.2.  

 

 

  

 

 

 

 

 

Figure 1.2 Chemical structures of Heme a (a), Heme b (b) and Heme c (c). 

  Heme b, is one of the most common heme cofactors, consisting of four methyl, two 

vinyl, and two propionate groups as peripheral substituents.19 The metal porphyrin is 

generally bound within the protein matrix or heme pocket through Fe–ligand coordination 

and non-covalent interactions. The structure of heme b was synthetically confirmed by 

Hans Fischer.20 The heme framework has an asymmetric structure about the α,γ-meso axis 

due to the linkage of the two methyl (1- and 3-positions) and two vinyl groups   

(c) (b) (a) 



  Heme Model Compounds 
 

5 

 

(2- and 4-positions) of the β-pyrrole rings. Several important heme proteins such as Mb, 

Hb, horseradish peroxidase (HRP), cytochrome p450 and cytochrome b5 have heme b in 

the heme pocket. Generally, the removal of heme cofactor from native protein under acidic 

conditions yields the corresponding colorless apoprotein and addition of heme b into an 

apoprotein give the reconstituted heme protein.21  

Heme c is formed from heme b through covalent attachment to the protein backbone 

in which the heme b vinyl groups are replaced by thioether linkage.22  There is a striking 

difference in the redox potential between heme b and heme c. The potentials range from − 

130 to + 390 mV vs standard hydrogen electrode (SHE) for heme b, whereas it ranges −400 

to + 400 mV for heme c.23-24 The difference in the potential is suggested to be the more 

exposure of heme c to solvent than heme b.25 

In heme a, formyl group is attached at ring position 8 and ring position 2 is occupied 

by a hydroxyethylfarnesyl group, an isoprenoid chain of the iron tetrapyrrole heme.26 Heme 

a is connected to the apoprotein via a coordinate bond between the heme iron and a 

conserved amino acid side chain.27 Compared to heme b, heme a is more hydrophobic and 

electron-withdrawing in nature.19 Heme a is found only in terminal oxidases such as 

mammalian cytochrome c oxidase (CCO) which is responsible for preserving the energy of 

dioxygen reduction by pumping protons into the inner mitochondrial space.28 In addition, 

other less common heme existing in nature are heme d29, heme d130, heme P46031, 

siroheme32, and chlorocruoroheme and etc.33 

1.4  Biological Significance of Heme Proteins  

Heme proteins have been used as a model systems to structural biology, protein 

folding, and to the treatment of sickle cell anaemia.34 The special attention to heme 
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proteins started after the pioneering research on the determination of Mb and Hb 

structure.35-36 Currently most of the research is focused on the understanding of how the 

biological function relates to the protein structure.37-39 Another important area in protein 

research is the design of new proteins with heme cofactor and related ligands.40-41 Heme 

proteins show non-linear optical properties, electron transfer properties, and they are used 

as smart materials which respond to changes in ionic strength, pH, and redox potential.42-46 

The understanding of the heme group and its binding sites in proteins is very important in 

the designing of new heme proteins with precise structural and functional properties, and it 

is only possible by the systematic study of available heme cofactor and heme proteins. 

1.5 Myoglobin 

Mb is a small molecular weight (16.7 kDa) heme b protein; consist of a single 

polypeptide chain of 154 amino acids with one oxygen binding site. Mb is mainly present 

in the muscle tissues of vertebrates. The heme iron can exist in the +2 (reduced) or +3 

(oxidized) states. Mb binds oxygen in its reduced form. When oxygen binds to the iron 

atom, it partially pulls back to the plane of the porphyrin ring. Mb can also bind alternate 

ligands such as CO, nitrite, and azide molecules. For example, CO binds strongly to Mb 

(Kq > 107 M-l)47 just as it does to Hb, which forms carboxy-Mb.48 

1.5.1 Structure of Myoglobin 

The crystal structure of Mb was solved by John Kendrew in 1958.35 The tertiary 

structure of Mb is composed of eight α helices joined by short non helical regions (Figure 

1.3). The helices give a rigid structural framework for the heme pocket. The heme consists 

of a protoporphyrin that surrounds an iron atom which is ligated to four nitrogens of the 

protoporphyrin. The fifth coordination of iron atom is satisfied by a histidine (His) which 

makes the heme in the hydrophobic pocket. The sixth ligation   
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position will be available for the binding of oxygen. Mb contains two intrinsic tryptophan 

(Trp) in the seventh and fourteen positions.  

 

 

Figure 1.3 X- ray crystal structure of sperm whale Mb obtained from PDB: 1MBD.49 

1.5.2 Unfolding of Myoglobin 

Studies on unfolding and folding of Mb have focused mainly on characterizing the 

structures and stabilities of the apoglobin states without heme. After the removal of heme, 

sperm whale apo-Mb has been shown to lose a substantial amount of secondary structure. 

Further addition of chemical denaturants such as urea, acid, or guanidinium hydrochloride 

(GdHCl) or heat or lead to complete loss of both secondary and tertiary structure. Balestrieri 

et al.50 first proposed the presence of a folding intermediate for apo-Mb.  
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1.5.3 Functions of Myoglobin 

a) Oxygen storage 

Mb is an important O2 storage protein in muscles. The Mb content is very large in 

highly oxidative muscle fibers. Mb does not have subunits to produce cooperative binding 

as it consists of a single polypeptide chain. The major functions of Mb are to store oxygen 

in muscles to use during heavy exercise and enhance diffusion by carrying the oxygen 

through the cytosol. By binding O2, Mb provides a second diffusive pathway for O2 through 

the cytosol.  

b) PO2 buffering 

Mb serves as a buffer of intracellular PO2 in different species such as the human, 

rodent and bovine models. When muscle activity increases, Mb buffer O2 concentrations 

and as a result, the intracellular concentration of O2 remains relatively constant and 

homogeneous despite dramatic activity-induced increases in O2 flux from capillary to 

mitochondria.51 

1.6 Cytochrome c 

Cytochrome c (Cyt c), is a small (~12.4 kDa) heme c protein mediating the electron 

transfer from Cyt c reductase to Cyt c oxidase.52 It is a highly water soluble heme protein 

and loosely associated with the inner mitochondrial membrane. It is an essential protein of 

the electron transport chain and is capable of changing the oxidation state. Research on Cyt 

c is still of great interest to biophysicists and biochemists owing to its multi-functionality. 

It serves as an electron carrier between major membrane proteins in the inner membrane of 

the mitochondria53, as a scavenger for H2O2 and as an initiator for mitochondrial 

apoptosis.54 The protein has also been utilized as a model system for protein folding 

studies.55-56 Moreover it is observed that in the early stages of apoptosis6, 57, Cyt c acts as a 

catalyst for peroxidation of anionic phospholipid, cardiolipin (CL).58-59 
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1.6.1 Structure of Cytochrome c 

Ferric Cyt c (oxidised form) was one of the first proteins characterized completely 

by X-ray crystallography.60-61 It is a globular protein (diameter of 34 Å) with single 

polypeptide chain containing 104 amino acid residues (Figure 1.4).60, 62 Cyt c has a net 

charge of +8 in neutral pH63-64 and having isoelectric point ranging from 10.0 - 10.5. It 

contains of nineteen positively charged lysine (K), two positively charged arginine (Arg), 

and 12 acidic residues (aspartic or glutamic acids). The secondary structure of Cyt c 

consists of three major and two minor helical elements (~45% helix), a very short two-

stranded anti-parallel β-sheet, two type III β-turns (~8%) and four type II β-turns (~14%).61 

The Fe atom is coordinated to a proximal His18 ligand and distal methionine (Met80) 

ligands in the native form. The Fe atom serves as an electron acceptor and donor in the 

inner mitochondrial membrane. In c type cytochromes, the two vinyl substituents of the 

porphyrin form thioether bonds via Cys14 and Cys17. The heme group of Cyt c is not 

planar, and undergoes an out-of-plane ruffling due to the covalent attachment to the heme 

as well as the axial ligands linked with the iron atom.22, 65,66-67 The electron transfer rate 

between the heme and redox partners was observed to be altered with modification in the 

magnitude of the heme ruffling.68 The non-planar heme is buried in the hydrophobic pocket 

of the polypeptide chain. The functional properties of the heme are related to the interaction 

of the heme with the protein matrix.  

1.6.2 Oxidation States of Cytochrome c  

Cyt c exists in both oxidised and reduced forms. Major conformational differences 

were not observed between the fully folded oxidized and reduced states of Cyt c in the 

vicinity of propionic group in the side chain.69 The protein interior was less solvent 

accessible due to some hydrogen bonding changes upon reduction of the heme. 
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Figure 1.4 Crystal structure of horse heart ferric Cyt c from PDB: 1HRC.70 

 

The reduced Cyt c is more stable than the oxidised Cyt c at high temperature (~100°C) and 

acidic and alkaline pH due to a weaker FeMet80 bond in the oxidized state.71 

1.6.3 Unfolding of Cytochrome c 

 The mechanisms of Cyt c unfolding and folding have been a subject of deep 

research and debate in the scientific community over several years and it has been 

considered as an ideal model for protein folding and unfolding studies.72 Different 

spectroscopic methods, such as UV−Vis, fluorescence, NMR, IR, and CD has been used to 

investigate the folding and unfolding process of Cyt c. Cyt c can be unfolded reversibly so 

that it can refold back without degradation of the protein as the prosthetic heme group 

remains intact as the protein unfolds due to the covalent linkages between the heme and the 

protein group. Different conditions causing the unfolding in Cyt c are given below. 

a) Denaturing Agents  

 Chemicals can be used as unfolding agents to unfold the polypeptide chain, leading 

the protein to adopt a disordered structure. Cyt c unfolds reversibly in the presence of 

GdHCl (6 M) and urea (8 M). Both of these denaturants destabilize the proteins through 
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different mechanisms, even though the results are structurally similar. Urea form hydrogen 

bonds to the peptide NH group and CO groups, whereas GdHCl acts by a mechanism other 

than the formation of a hydrogen bond73. Under slight denaturing conditions, the proximal 

His18 remains bound to the heme iron and distal Met80 dissociates. Immediately, Met80 

will be replaced by other nearby residues, and form a denatured protein with a disordered 

tertiary structure and native-like secondary structure74. In the presence of strong denaturing 

agent with high concentration, the Met80 ligand was replaced by histidine (His26, His33 

or His39) forming a high spin Fe atom75. 

b) Acidic and Alkaline pH.  

In 1941, Theorell and Åkenson demonstrated that ferric Cyt c changed its 

conformations depending on  pH.63 Do1pner et al.76 proposed five different states populated 

between pH 1 and 12 are represented as states I−V based on resonance Raman studies, 

which differ with respect to the axial ligands of the heme iron and shown in the Figure 1.5. 

The native state is represented as state III and states IV and V are populated under alkaline 

conditions. Subscripts a and b indicate different isomers. The neutral form (III) with pKa 

8.7 and 8.9 undergoes two conformational transitions with similar to those of IVa and IVb 

in the medium alkaline pH. In the states IVa and IVb, Met80 is replaced with Lys73 and 

Lys79. Another state Va and Vb exist in the high alkaline pH range with pKa of 10.5 and 

11. In these states strong ligands are formed that can displace Lys73 and Lys79 from the 

sixth coordination position of the heme iron. Generally, strong field ligands such as 

hydroxide or alkoxide ions occupy the sixth axial coordination site in the states Va and Vb.  
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Figure 1.5 Conformational equilibrium of Cyt c in the pH range 7.0 and 12.0. The 

Figure is reproduced from Ref. 59. 

 

c) Temperature  

The thermal stability of Cyt c is highly depended on the stability of the FeMet80 

linkage.  Thermal unfolding starts around 40 °C in neutral pH in the case of oxidized Cyt 

c. As the temperature increases to more than 50 °C,  thermal unfolding starts leading to a 

decrease in the redox potential, and the replacement of Met80 from the axial coordination.77 

Hagarman et al. 78 reported the existence of a low-spin heme iron at temperature  above 50 

°C. Temperatures above 75°C, the protein existed in the unfolded state. For reduced Cyt c 

the initial unfolding starts at temperatures above 100 °C.79  

1.6.4 Functions of Cytochrome c 

The multi-functional heme protein, Cyt c is involved in both the life and death 

process happening in the cell. Various functions of Cyt c are charted in Figure. 1.6. It plays 

a major role in the energy production process. It is also participating in the process of 

programmed cell death called apoptosis.80 Additional functions of Cyt c, includes the 

peroxidase function.81-82 The investigation of the exact pathways that operate these 
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regulatory mechanisms and their effects are important for targeting various diseases such 

as congestive heart failure, neurodegenerative diseases and cancer. Different functions of 

Cyt c are discussed below in detail. 

 

 

Figure 1.6 Various functions of Cyt c.  

1. Oxidative Phosphorylation 

ATP generates through oxidative phosphorylation (OxPhos) in the inner 

mitochondrial membrane and with ATP synthase and the electron transport chain 

(ETC).83ATP synthase utilizes the mitochondrial membrane potential by for the synthesis 

of ATP.84 Cyt c functions as a single electron carrier in the final step of the ETC, from the 

bc1 complex to CCO. Since four electron transfers are necessary to reduce an oxygen 

molecule to water and hence four times reduced Cyt c transfers an electron to CCO.85-86  

2. Free Radical Scavenger of ROS 

Reactive oxygen species (ROS) are highly reactive species generated in the 

mitochondria and it can damage DNA and other compounds within the cell. In the inner- 

mitochondrion space, free Cyt c can able to remove the unpaired electron from superoxide 

and regenerating O2. Hence Cyt c can act as a free radical scavenger in the mitochondria.87 

Similarly in both the reduced and oxidized states, Cyt c has also been shown to function as 

a hydrogen peroxide scavenger.88 
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3. Cellular Apoptosis 

Apoptosis is an essential process which eliminates unwanted cells and is vital for 

embryonic development, immune defence and homeostasis. Over the last few years, more 

research have been focused on the role of Cyt c in apoptosis. Apoptosis plays a significant 

role in diverse physiological processes especially fetal cells and in adult tissues.89-90 

Different diseases such as cancers, and neurodegenerative disorders are reported to be 

caused by the deregulation of apoptosis. The mechanism of apoptosis is complicated and 

is mainly implemented by cysteine proteases known as caspases. In the mammalian cells 

the main caspase activation pathway was initiated by the protein Cyt c.7,91 During the 

process, different types of  apoptotic stimuli induce the release of Cyt c to the cytoplasm 

from mitochondria causing various biochemical reactions which activate the  caspase action 

and lead to cell death.92,93 During the initial stage of apoptosis, the stimulated ROS can 

oxidise CL and induce the liberation of Cyt c from inner mitochondrial membrane. The 

release of different proteins such as adenylate kinase-2 (AK-2), SmacDIABLO, and Cyt c 

present in the inter membrane space have been observed during the early stages of apoptotic 

cell death. The release of Cyt c from mitochondria is therefore considered as a key initial 

step in apoptosis.8 In the outer mitochondrial membrane two proteins, Bax and Bak (Bcl-2 

family) are associated with a voltage-dependent anion channel component of the 

permeability transition pores, allows Cyt c release from the inner mitochondrial membrane 

into the cytoplasm.9 

1.7 Ultrafast Dynamics of Heme Proteins 

Electronic, vibrational and conformational changes and local structural changes in 

proteins resulting from long-distance interactions are characteristics of protein functions. 

Real time visualization of such processes was possible only after the invention of 

femtosecond laser spectroscopy.94 Triggering and probing systems, in which light is 
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physiologically used, such as photosynthetic and retinal pigment-protein complexes, are 

ideally suited for optical techniques. Whereas the dynamics of heme proteins can be 

triggered by using the optically active porphyrin cofactor. Moreover, the amino acid 

residues also allow the study of the protein dynamics.95 The pioneering studies on ultrafast 

processes occurring in heme proteins were initially performed on the mammalian ‘model’ 

oxygen storage protein Mb and oxygen transport protein Hb.96 An overview on ultrafast 

studies of Mb and Cyt c are discussed below. 

In addition to O2, Hb and Mb can reversibly bind CO and NO. In the bound state 

the iron atom is in the plane of the porphyrin macrocycle and has a low spin (S = 0) state. 

Whereas the Fe atom will be displaced from the plane of the porphyrin by ~ 0.3 Å towards 

the proximal histidine ligand in the unligated state and has high spin (S = 2) state. This 

ligand can be photolysed on the ultrafast time scale which then recombines at a later  

time to reform the bound heme. Even though these heme proteins are not directly involved 

in any photochemical transformations, the biological function of Hb and Mb can be 

optically triggered using a short light pulse and the associated structural changes in the 

heme group as well as the surrounding protein can be studied by creating a situation similar 

to oxygen uptake and release. In order to briefly explain the events associated with the 

photolysis in heme proteins, part of the light energy will be consumed in breaking the iron 

to ligand bond and the energy in excess of that required for photolysis is shared between 

the unligated heme and ligand. The events following photolysis include ligand escape, 

electronic and vibrational relaxation (VR) of the unligated heme, out of plane motion of Fe 

atom, and spin state change, ligand rebinding and the associated protein structural and 

conformational relaxation. The usefulness of the transient spectral changes occurring as a 

result of these events in elucidating the protein structure function relationships has led to 

an enormous amount of theoretical and experimental studies of these heme proteins. The 
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early protein dynamics following photo-dissociation of Mb have been studied using time-

resolved femtosecond spectroscopy, and observed that the deoxy species was formed 

within 350 fs.97 The relaxation was occurred by heme-CO dissociation on multiple time 

scales and was non-exponential and heterogeneous and change of spin state occurred, 

accompanied by motion of the iron atom out of the porphyrin plane. Henry et al.98 observed 

that the quantum yield of photo-dissociation in Mb was close to 1 for CO. Whereas photo-

dissociation of NO and O2 gave a quantum yield of ∼0.5 and 0.3 respectively.99 From 

femtosecond infrared polarization studies, it was observed that the heme bound CO was 

oriented near perpendicular to the porphyrin plane in Mb.100 The dissociated NO was 

observed to have a high chance to rebind to the heme as NO is more reactive than CO 

towards the heme. The rebinding kinetics of NO have been broadly used to probe the 

dynamic properties of the heme in Mb. Recently Kim and Lim observed three distinct 

conformations of dissociated NO by using time-resolved infrared spectroscopic study.101  

The first femtosecond time-resolved absorption study of the dynamics of Cyt c and 

cytochrome b5 was by Traylor and co-workers.102 They compared the dynamics of ferrous 

cytochrome b5 with Cyt c and observed the formation of 5c species due to ligand 

dissociation and it was recombined within ∼7 ps. They interpreted the dissociated ligand 

as histidine. Later in 2000, Champion's group103 proposed that it was the methionine residue 

that was dissociated from Cyt c (quantum yield ∼1), and rebound in ∼6 ps. Whereas 

photodissociation was not occurred in ferric Cyt c. A multiphasic rebinding kinetics of 

CO (101–104 ps) was observed from ultrafast investigation by Vos et al.104 and proposed 

that it was extremely sensitive to the local heme environment. Thus CO rebinding in Cyt c 

is similar to NO rebinding to Mb. In the past decades, a huge number of ultrafast 

spectroscopy experiments have been reported on heme proteins. Even then the heme 
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electronic and vibrational dynamics are not fully understood. Mainly two models have been 

suggested by various groups in the ultrafast relaxation dynamics of heme.  

1.7.1 Vibrational Relaxation Dynamics 

In femtosecond experiments the absorption of a photon will cause a significant 

increase in temperature in a system because of the excess energy.  The flow of vibrational 

energy is a fundamental physical process that is not well understood. The excess energy in 

the molecular system can be redistributed intramolecularly to other vibrational modes 

within the molecule (IVR) or it can decay rapidly towards equilibrium by transferring 

energy into the solvent.105 The first molecular dynamics simulation of molecular cooling  

for Mb and Cyt c in vacuo was carried by Henry et al.106 in 1986. A nonexponential decay 

of the vibrational temperature with about 50% loss was occurred within 14 ps.   

Kholodenko et al.107 reported an electronic relaxation processes of deoxy Mb upon Soret 

band excitation, involving two time constants, one was less than 100 fs and another of a 

few 100 fs. They did not observe any electronic relaxation components after ~ 600 fs, which 

was contrary to the work carried out by Petrich et al.108 and Franzen et al.109 The ground 

state VR was shown to be biexponential involving a faster component with higher 

amplitude (1.5 to 4 ps) and a slower component with lower amplitude (~ 15 ps) component. 

The vibrational dynamics of heme proteins have been studied in detail by various 

techniques such as timeresolved antiStokes resonance Raman scattering110, transient 

absorption, IR and transient grating studies.111 Chergui et al.112 reported early 

photodynamic of ferric and ferrous horse heart Cyt c using UVvisible ultrafast timegated 

emission and transient absorption spectroscopy. The proposed photocycle is given in 

Figure 1.7. From the S2 state around 86% of the molecules undergoes IC to the 
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antibonding dz
2 metal orbital through channel A (110150 fs) by inducing ligand 

photodissociation in the ferrous form.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7 The relaxation pathways of ferrous and ferric Cyt c. Channels A and B 

correspond to the branching that occur in ferrous Cyt c under Soret or δ band excitation. In 

the ferric form, since the dxy orbital is half filled, IC to dxy (channel C) is allowed and more 

efficient than the 100150 fs IC to dz² (end of channel B). Figure is copied from Ref. 112. 

 

Then the configuration was recovered back by back electron transfer from the dz
2 orbital or 

from another d state. The remaining 14% underwent IC to the Q band through channel B 

and reached the antibonding metal state through a energetically less favourable crossing 

point, causing a delayed photodissociation. The full occupancy of this state prevented the 

favourable path to dxy through channel C. In the ferric form, the most favourable relaxation 

pathway was through partially occupied dπ orbital, permitting a faster deexcitation without 

cleavage of the bond. The first electron end up on the dz
2 orbital and after150200 fs, the 

system reached to the same state, responsible for the excited state absorption (ESA). Very 

recently in 2020, Ferrante et al.113 investigated ultrafast evolution of two proteins, Cyt c 

and Neuroglobin (Ngb) using femtosecond stimulated Raman spectroscopy (FSRS). Based 

on the response of the system, detailed properties of energy redistribution and atomic 

motions were discussed for different delay time and Raman pump resonances. The 

proposed scheme for energy flow for both the proteins is shown in Figure 1.8. The system 

decayed to the vibrationally hot photodissociated state of Ngb (blue area) and Cyt c (red 
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area) with a time scale of < 50 fs, in which the axial ligands His (for Ngb) and Met (for Cyt 

c) was detached from the heme. In that situation a structural relaxation and cooling process 

were observed. The first  hot band observed in Ngb testified the population of vibrational 

excited states. The last step was the recovery of the ground state within 59 ps with 

rebinding of the ligands. 

 

 

 

 

 

 

 

 

Figure 1.8 Summary of the energy flow in Ngb and Cyt c obtained from FSRS transient 

spectra. The Figure is copied from Ref.113. 

 

1.7.2 Involvement of Intermediate Excited Electronic State  

A detailed description of the electronic dynamics of the heme proteins ligated with 

diatomic ligands CO, NO and O2 as well as that of a protoheme ligated with CO and NO 

was given by Petrich et al.108 in 1988. Photolysis was reported to occur upon photo 

excitation in the Qband for Hb in less than 50 fs leading to the formation of two 

intermediate electronic states HbI * and HbII * each having a lifetime of 300 fs and 2.5 ps 

(3.2 ps in case of deoxy Mb) respectively (Figure 1.9 a). Later Franzen et al.109 proposed 

an intermediate electronic state decay model by a sequential relaxation pathway  
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Figure 1.9 Intermediate excited electronic state decay models proposed by Petrich et 

al.(a) and Franzen et al. (b) representing the electronic relaxation dynamics of both ligated 

and unligated heme proteins as well Fe PPIX. 

 

as shown in Figure 1.9 b (Q1HbI
*HbII

*Hb) through the same intermediate electronic 

states. Again, both the ligated and unligated heme proteins were studied following 

electronic excitation in the Qband. The intermediate electronic state HbI
* was proposed 

to form via ultrafast irontoporphyrin ring CT and then HbII
* due to porphyrin 

ringtoiron back CT process. In 2014 Chergui et al.114 reported an early relaxation 

dynamics of metMb using combined ultrafast broadband fluorescence and transient 

absorption spectroscopy. A strong evidence for an electronic character in the early 

relaxation of Mb was observed besides identifying a branching in the usual cases. The 

photo cycle for the relaxation dynamics of Mb are shown in Figure 1.10. The ultrafast ET 

from the porphyrin to the iron dstates was followed by a back electron transfer on a 400–

500 fs time scale from MbI
∗. Around ∼57% of the excited population was relaxed directly 

to the ground state whereas the remaining leads to the population of electronically excited 

states of Fe atom consisting of different spin. In MbIII
∗ (S = 1/2), four electrons occupy the 

dπ orbitals representing lowspin ferrous metMb. The relaxation towards the highspin 

ground state proceeds through a quartet state MbII
∗ via an intermediate S = 3/2 electronic 

excited state. 
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Figure 1.10 Proposed photocycle for the relaxation of photoexcited metMb. The 

Figure is copied from Ref. 114. 

 

1.8 Objectives of the Thesis 

The understanding of the excited state relaxation dynamics is important to describe 

the biological function of heme proteins. Heme proteins, for example Cyt c has various 

biological functions including electron transfer from cytochrome c reductase to cytochrome 

c oxidase, energy transfer in mitochondrial transport chain reaction, catalysis of redox 

reactions such as oxidation of CL triggering of cell apoptosis and also model system for 

studying the unfolding dynamics of proteins. The electronic, vibrational and 

conformational changes of the protein due to redistribution of the excess energy generated 

by biological functions play important role. These can be triggered optically by ultrafast 

laser and accompanying electronic, vibrational and conformational relaxation dynamics in 

the heme group and the surrounding protein can be investigated. Despite several years of 

active research by various groups, the heme electronic dynamics has not been understood 

completely. The main focus of the thesis is to investigate the ultrafast electronic, vibrational 

and conformational relaxation dynamics of heme model compounds, heme proteins with 

lipids and hematin with antimalarial drugs using femtosecond pumpprobe spectroscopy 

to understand the correlation between the excited state relaxation dynamics and biological 

functions of the protein. 
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Hence, the ultrafast excited state relaxation dynamics of various heme model 

compounds and metMb have been investigated in Chapter 3 with the aim of understanding 

the influence of the axial ligands, peripheral substituents and the solvents on the excited 

state relaxation dynamics of the heme.  

Cyt c catalyzes the peroxidation of CL in the early stage of apoptosis and undergoes 

conformational changes leading to the partial unfolding of the protein. The various degrees 

of partial unfolding in Cyt c in the presence of liposomes are studied with absorption, 

fluorescence, CD spectroscopy and femtosecond time resolved pump-probe spectroscopy 

in Chapter 4 to understand the interaction dynamics of Cyt c with different liposomes. 

During the intra-erythrocytic stage of the malaria parasite’s lifecycle, it digests host 

erythrocyte Hb, producing free Hematin. The heme, toxic to the parasite, is converted into 

hemozoin by crystallization. The antimalarial drug is used to prevent the crystallization by 

binding with Hematin. Hence, the understanding of the underlying mechanism of the 

interaction dynamics between the Hematin and antimalarial drugs will enable the design 

of new antimalarial drugs (Chapter 5). 
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Chapter 2 

Experimental Methods and Instrumentation 

 

The results described in this thesis have been obtained from various instrumental 

techniques. An introduction to ultrafast spectroscopy, principle and technical details of 

femtosecond pump-probe spectroscopy and instrumentation details of other spectroscopic 

technique are discussed in this chapter.  

2.1 Ultrafast Spectroscopy 

Ultrafast optical spectroscopy is a collective of various experimental techniques 

using ultrashort light pulses to study photoinduced dynamical processes in atoms, 

molecules, nano structures and solids.1 Generally, the birth of ultrafast optical spectroscopy 

is ascribed to the development of highspeed photography by Eadweard Muybridge in 

1878. He captured different phases of the motion of a horse on the Palo Alto racetrack by 

multiple cameras with fast shutters to resolve the instant when all four hooves of horse are 

lifted from the ground. Further the advancement in the time resolution of high speed 

photography lead to the development of shorter light flashes. In 1949, Norrish and Porter2 

used flash photolysis technique, having milli to microsecond duration combined with two 

electronically delayed light flashes to measure the long lived photochemical intermediates 

such as triplet states and aromatic free radicals. They have been awarded the Nobel Prize 

in Chemistry in 1967 for their contributions. Further, a revolution in the ultrafast 

spectroscopy was occurred in the 1980s after the discovery of collidingpulse modelocked 

(CPM) dye laser, generating100fs pulses. Self modelocking in Ti: sapphirebased lasers 

were discovered in 1990 and recently the pulse width of 10–20fs pulses can be generated
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To resolve a chemical reaction at the atomic scale, techniques with a temporal resolution 

shorter than a vibrational period are required. For the pioneering contribution on 

fundamental investigation of chemical reactions using femtosecond timeresolved 

techniques, Prof. Ahmed Zewail who is known as the “father of femtochemistry” was 

awarded the Nobel Prize in chemistry in 1999.3 

2.1.1 Generation and Amplification of Ultrashort Pulses 

In an ultrafast laser system, oscillators typically generate pulses with too low level 

energy. Ti:Sapphire based femtosecond lasers, has been used by most of the research  

laboratories as it possesses broad gain bandwidth, high thermal conductivity and high 

energy density and able to produce very short pulses. But the energy per pulses required 

for many applications are very low (nJ energy). Pulse energy can be amplified by the 

chirped pulse amplification (CPA) technique.4 This technique was introduced by Prof. 

Mourou and his co-workers in 1980. In 2018 they have been awarded the Nobel Prize in 

physics for their pioneering contribution for generation of ultrashort laser pulses. The 

principle of CPA technique is shown in the Figure 1.11. The pulses are chirped and 

temporally stretched to longer duration before passing through the amplifier by strongly 

dispersive element reducing the peak power. After the gain medium, a dispersive 

compressor removes the chirp from the low intensity optical pulse and temporally 

compresses it to have similar input pulse duration. 
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Figure 2.1 The principle of chirped pulse amplification. The femtosecond seed pulses 

are temporally stretched, amplified and compressed back to Fourier transform limited 

duration. 

 

2.1.2 Temporal and Spectral Resolution 

 

Generally, an optical spectrum gives information about the various energy levels of 

the molecule and different static and dynamic processes. The line width of an optical 

spectra is known as full width at half maximum (FWHM). The FWHM for various 

processes is not narrow. The vibrational transitions are overlapped with electronic 

transitions and short lifetime of the excited state will cause broad spectral width. Though 

ultra-short pulses can offer the desired temporal resolution, the large energy bandwidth 

limits the spectral resolution due to the Heisenberg uncertainty principle (Figure 2.2).  The 

relation between the FWHM of the frequency bandwidth (Δν) and the time bandwidth (Δt) 

of the pulse is given by  

ΔνΔt ≥ K                                                                (1) 

where K is a constant that depends on the shape of the pulse envelope. 
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Figure 2.2 An ultrafast pulse with broad bandwidth (100 fs) and narrow bandwidth (1 ps). 

 

2.1.3 Femtosecond PumpProbe Transient Absorption Spectroscopy 

Among the various ultrafast spectroscopic techniques, the pumpprobe 

spectroscopy is a most widely used technique for recording molecular motion in a real time. 

The “pumpprobe” technique5, uses two synchronized laser pulses, the excitation (pump) 

pulse triggering a photoinduced phenomenon, and a delayed probe pulse measuring a 

timedependent optical property of the sample, including absorption or transmittance. 

Figure 2.3 shows the experimental set up of the femtosecond pump–probe spectroscopy 

used for this work. The oscillator is a Ti:sapphire laser (MaiTai HP, Spectra Physics, USA) 

centered at 800 nm having 80 MHz repetition rate with a pulse width of < 100 fs. The 

amplified laser was split into pump and probe pulses. The high energy beam, pump was 

used for exciting the sample by using TOPAS (Prime, Light Conversion).6 The other part 

of the amplified beam (200 mW) was focused on a CaF2 (1 mm) plate to generate the white 

light continuum (340−1000 nm) which further split into sample and reference probe beams. 

The delay between the pump and probe pulses at the sample was controlled, by making one 

of the beams travel a fixed optical path and the second beam go through a motorized optical 

delay line.  
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Figure 2.3  Experimental setup for femtosecond transient absorption spectroscopy. 

 

The delay stage consists of a retro reflector mounted on a computer controlled linear 

translation stage with micrometer precision. Since the speed of light is finite and the two 

pulses are in synchrony, if the optical delay line is translated by the distance L then, 

                                                                 L=1 μm                       (2) 

The optical path length difference between the two beams  

       = 
L

c
                       (3) 

= 
(1× 10−6 ) m

(2.998×  108)m𝑠−1                             (4) 

                                                                   = 3.33 × 10-15 s 

The sample cell having 0.4 mm path length was refreshed by rotating at a constant speed. 

After passing through the sample, the probe pulse dispersed in a monochromator and  

focused onto the detector. The pumpprobe spectrophotometer (ExciPro) setup was 

purchased from CDP Systems Corp, Russia. Normally transient absorption spectra were 

obtained by averaging about 2000 excitation pulses for each spectral delay. Usually a pump 

beam in the UVVis wavelength region is passed through a chopper. A chopper wheel 

having half the frequency of repetition rate (500 Hz) of the laser in the pump beam blocks 
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every second excitation pulse to get subsequent pumpon and pumpoff conditions in the 

sample according to:  

 

 

To understand the kinetics of excited state processes, spectra are recorded at different time 

delay. Absorption of a pump pulse causes the excitation of molecule from ground state S0 

to first excited state S1 as shown in Figure 2.4 (a). The probe pulse may induce a transition 

between S1 and a higher lying state S2. The different features observed in a typical transient 

absorption spectra are explained below. 

1. Ground State Bleach 

Generally, ground state bleach (GSB) is observed in the region where the molecule 

absorbs in the ground state. Only the ground state spectrum of the molecule will be recorded 

in the pump off condition. Whereas, when the pumpon case, a fraction of molecules is 

excited from the ground state and the population of molecules in the ground state is reduced. 

The reduction in population of ground state molecule results in lower absorbance of the 

white light probe through the photoexcited sample, so in the Eq. (4), Ipump+probe will be 

higher than Iprobe at the wavelength where the molecule absorbs in its ground state. Thus, 

the ratio I probe/Ipump+probe will be less than 1 and hence the change in absorbance (ΔA) will 

be negative. Therefore the GSB is usually plotted as a negative signal as shown in Figure 

2.4 (b). 

2. Stimulated Emission 

As GSB, stimulated emission (SE) is also observed as a negative signal. The 

spectral profile of stimulated emission will be roughly the same as the fluorescence profile 

and will be Stokesshifted from the ground state absorption. During stimulated emission, 

a photon from the probe pulse will stimulate the emission of another photon having same 

∆𝑂𝐷 = lo g (
𝐼𝑝𝑟𝑜𝑏𝑒

𝐼𝑝𝑢𝑚𝑝+𝑝𝑟𝑜𝑏𝑒
)                 (5) 



                                     Femtosecond Pump-Probe Transient Absorption Spectroscopy 

 

39 

 

energy and in the same direction, so both photons will be detected. In the pumpon case, a 

fraction of molecules are present in the excited state that can relax to the ground state by 

SE of photons, and also, the absorbance is lower than in the case of pumpoff. Therefore, 

Ipump+probe will be higher than I probe and the ratio I probe/Ipump+probe will be less than 1 

resulting in a negative ΔA value for SE.  

3. Excited State Absorption (ESA) 

Upon excitation by the pump beam, the molecule will be excited to the higher 

energy states. The molecule undergoes an optically allowed transition to a higher excited  

state upon interaction with the probe pulse. Generally, the ESA appear as a positive signal. 

The Ipump+probe condition has no contribution to wavelengths of ESA, therefore Ipump+probe 

will be lower than I probe and the ratio I probe/Ipump+probe will be greater than 1, giving a 

positive signal for ESA.7 Sometimes bands other than ESA can be observed in the FTAS 

due to photoproduct absorption or due to absorption from a longlived species.  

4. Vibrational Energy Redistribution  

The energy of electronic excitation is typically 100 times larger than kBT. This 

excess vibrational energy is often deposits into Franck–Condon active modes7. During the 

relaxation of molecules, the excess of energy is redistributed within the molecule or to the 

solvent degrees of freedom. When the molecule distribute its energy among all other modes 

while keeping the molecule in the same electronic state is known as intramolecular 

vibrational energy redistribution (IVR).8 IVR will be completed within a few hundreds of 

femtosecond in the condensed phase. Concurrently, within less than 100 fs, the solute and 

its first solvation shell undergo an inertial response in polar solvents.9 The transfer of the 

excess energy from the thermally equilibrated solute particles that are still at a higher 

temperature to the surrounding solvent molecules is known as vibrational cooling  
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Figure 2.4 Different energy states along with their vibrational states (a) and different 

types of signals obtained in a femtosecond pumpprobe transient absorption experiment 

(b). 

 

(VC) or VR. VC can be otherwise defined as transport of heat from the thermalized 

intramolecular lowfrequency modes to the solvent through vibrational coupling.8 

Generally, VR of protein occurs in the range of picosecond.10 

2.1.4 Chirp Compensation 

 

 During the measurement of transient absorption spectra, some unwanted signal or 

different types of potential artifacts, for example chirp can be generated with femtosecond 

time scale.13 The chirp of an optical pulse is understood as the time dependence of its 

instantaneous frequency. The whitelight is chirped during generation of continuum, i.e., 

the red wavelengths are generated earlier in time than the blue wavelengths due to temporal 

distribution of the different Fourier components of the laser pulse.14 As the whitelight 

continuum has inherent group velocity dispersion (GVD), when traveling through an 

optically dense substances such as cuvettes and lenses, the GVD in the white light will 

increases to picosecond range.14-15 A long temporal chirp may prevent the detection of the 

occurrence of fastest occurring physically relevant process in a spectral region. The reaction 

inducing pump pulse arrives at the sample at time t0, but the time of arrival of the probe 
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pulse is delayed for every wavelength. The wavelengthdependent chirp is modelled by 

polynomial function.6 The raw spectral data have to be corrected for the chirp in order to 

obtain the FTAS at a selected time delay. Usually for multichannel data acquisition chirp 

correction will be done after the experiment. All the transient absorption spectra obtained 

from the equipment is compensated for chirp of the white light by determining the time 

zero using coherent artifact observed in the solvent.16 By linear interpolation of the transient 

absorption spectral data along the time axis, the true spectral data will be reconstructed 

using the chirp correction function. The molecular dynamics are accessible only after the 

chirp correction in global fitting and target analysis.16  

2.1.5 Singular Value Decomposition (SVD) 

In SVD, the spectral informations are considered as a data matrix including the 

change in optical density delay time and wavelength. Thus, the continuous two dimensional 

function of the absorption change A (, t) becomes a matrix (Aij), where the changes in 

absorbance at particular probe wavelengths i form the columns and particular delay time 

tj form the rows.17 

A (i, tj) = (Aij), i (i = 1, M) and tj (j = 1, N)                          (6) 

The matrix A will be consisting of m probe wavelengths and n delay time. SVD is based 

on a theorem obtained from linear algebra defining that a rectangular matrix A can be 

broken down into the product of an orthogonal matrix U, a diagonal matrix S, and the 

transpose of an orthogonal matrix V:                                                 

               
T

nnmnmmmn VSUA                                                            (7) 

where UTU = I, VTV = I; 

The columns of orthogonal matrix, U consist of orthonormal eigenvectors of AAT, V 

consist of orthonormal eigenvectors of ATA.  The diagonal matrix S contains the square 

roots of eigenvalues from U or V in descending order. Columns of U denote normalized
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 basic spectra, the rows of VT contain their normalized dynamics, and diagonal S have the 

singular values Skk > 0 arranged in a descending order. It is to be noted that SVD was 

performed for all the FTAS in this thesis before global analysis. It will help to find out the 

number of components before the global exponential fit. 

2.1.6 Analysis of Femtosecond Transient Absorption Spectra 

 A timeresolved spectrum is a wellknown example of two dimensional data. The 

first dimension is wavelength or wavenumber and the second dimension is time after the 

excitation. The IRF depends mainly on the pulse width of the laser and detector response. 

A detailed analysis of the time-resolved spectral data is essential to investigate the 

mechanisms of various biological processes. There are different advanced tools for the 

analysis of transient spectra such as Ultrafast toolbox18,  MCRALS19  and 

TIMP/Glotaran.11, 20 In this thesis we have used the R package TIMP and its graphical user 

interface of GLOTARAN for the global analysis. It allows to load and study the data in an 

cooperative way, set up and perform a TIMP analysis, and picturise the obtained results 

from a graphical interface21. The femtosecond transient absorption spectra (FTAS) can be 

analysed by global and target analysis methods.11 

2.1.6.1 Global Analysis 

In global analysis the large amount of data will split into a small number of 

components and spectra. The first step in global analysis is the fitting of the data with a 

adequate number of exponential decays and their amplitudes without a prior knowledge 

about a detailed kinetic model.22 In global analysis method, where the data S(t), is 

approximated by a discrete sum of exponentials function as shown in eq. 8 

                    𝑆(𝑡, 𝜆𝑒𝑥𝑐, 𝜆𝑖 ) = ∑ 𝐴𝑗 (𝜏, 𝜆𝑒𝑥𝑐, 𝜆𝑖
𝑛
𝑗=1 )exp (−𝑡/𝜏𝑗)                                      (8) 

Where is the lifetime and A is the pre-exponential amplitude. The analysis results 

different spectra with the amplitudes associated with exponential decays, known as Decay 
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Associated Spectra (DAS).23 It is associated with specific lifetime components obtained by 

data analysis, in which the amplitudes (A) for each component () are plotted against an 

experimental variable λi. The DAS represents the kinetic information of the data in a 

compact form24 in which each species decay independently after photo-excitation. In 

pumpprobe spectroscopy if the IRF i(t) is not negligible, the exponential decay has to be 

convolved with the IRF. IRF is often described by a Gaussian with the location (mean)  

and the full width at half maximum (FWHM) as follows

i(t
1

∆̃√2π
exp (− log(2) (2(𝑡 − 𝜇)/∆)2)

where    ∆̃=
∆

2√log (2)
 

 

The convolution of the IRF by an exponential decay results in an expression facilitating the 

estimation of the IRF parameters  and . 

                                     𝑐(𝑡, 𝑘, 𝜇, ∆) = exp (−𝑘𝑡)∅𝑖(𝑡)                               (10) 

 

 

where  indicates the convolution.  

2.1.6.2 Target Analysis 

 

 In target analysis, a specific kinetic model is tested with compartmental model.23 

Target analysis will provide the actual concentrations of each species or components. It 

consists of formulating a kinetic reaction scheme based on certain assumptions from 

previous knowledge. In target analysis, compartmental transitions are described by 

microscopic rate constants constituting the off diagonal elements of the matrix K. The total 

decay rates of each compartment is given in the diagonal elements of K. A vector c(t) 

represents the concentrations of each compartment as 

   𝑐(𝑡) = [𝑐1(t) ⋯ ⋯ 𝑐𝑛 𝑐𝑜𝑚𝑝(𝑡)]𝑇    (12)

(9) 

=
1

2
 exp(-kt)exp(k(𝜇 +

𝑘∆̃2

2
)){1+erf(

𝑡−(𝜇+𝑘∆̃2

√2∆̃
)} (11) 
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 A compartmental model having ncomp (compartments) is given by a differential equation 

as 

    
𝑑

𝑑𝑡
 𝑐(𝑡) = 𝐾𝑐(𝑡) + 𝑗(𝑡)     (13) 

where the input vector 𝑗(𝑡) = 𝑖(𝑡)[1 𝑥2 ⋯ 𝑥𝑛 𝑐𝑜𝑚𝑝]T         (14) 

i(t) represents the IRF and xn represents extra input to compartment. An important 

parameter that emerges from target analysis is the species-associated spectrum (SAS), 

which physically represents the stationary spectra of the model compartments as if they 

were measured separately25. 

 It is to be noted that the global analysis would be sufficient to analyse the 

transient absorption data when the model of relaxation dynamics is considered as either 

parallel or sequential. Whereas the target analysis should be used when both the parallel 

and sequential steps are proposed within the same model.  In this thesis as the excited state 

relaxation dynamics were proposed as sequential model, we have used the global analysis 

only to analysis the femtosecond transient absorption data. 

2.2 Time Correlated Single Photon Counting (TCSPC) 

Timeresolved fluorescence spectra and lifetime decays were measured by using a 

picosecond single photon counting system (Horiba, DeltaFlex) employing 331 nm LED as 

excitation source and Picosecond Photon Detection modules (PPD850) as a detector. The 

decay of the fluorescence intensity (I) with time (t) was fitted by single and 

doubleexponential function.  

2.3 Circular Dichroism Spectroscopy 

 CD spectra were measured with JASCO 810 spectrometer, which was purged and 

cooled with gaseous nitrogen at room temperature. The samples were measured with a 1 

cm quartz cell. The spectra were measured in the range from 300 to 750 nm with a scanning 

speed of 500 nm/min, a data pitch of 0.05 nm, a bandwidth of 5 nm, and a response time of
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 0.5 s. Three spectra were accumulated per sample at 25 °C. All spectra were solvent-

corrected using Jasco spectral analysis program. 

2.4 Fluorescence Spectroscopy 

Steadystate fluorescence spectra were recorded with a FluoroLog-3 (Horiba) 

equipped with a 450W Xe arc lamp using 10 mm path-length quartz cuvettes. The samples 

were excited at the respective absorption maxima and an excitation and emission slit width 

at 2.03.0 nm were used. 

2.5 Dynamic Light Scattering 

The size distributions of liposomes having a concentration of 500 M were 

measured using dynamic light scattering experiment. Particle radii were obtained from 

dynamic light scattering particle size analyzer (Zeta Nano-ZS, Ms. Malvern Instruments, 

UK). A 10 mm path-length quartz cuvette was used to collect the data at room temperature. 

2.6 UV-Visible Electronic Absorption Spectroscopy 

The absorption spectra were measured with a Shimadzu UV2600 UV/Vis 

spectrophotometer coupled with Peltier thermostatic cell holders at various temperatures.  
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Chapter 3 

Ultrafast Heme Relaxation Dynamics of Model 

Compounds: Via Multiple Electronic Spin States and 

Vibrational Relaxation 
 

 

 

 

 

 

 

3.1 Abstract 

Hemin is an important heme model compound of heme proteins carrying out 

variable biological functions. Here, the excited-state relaxation dynamics of different heme 

model compounds in the ferric form are investigated by changing the axial ligand (Cl/Br), 

the peripheral substituent (vinyl/ethyl−meso), and the solvent (methanol/DMSO) 

systematically using femtosecond pump−probe spectroscopy upon excitation at 380 nm. 

The relaxation time constants of these model compounds are obtained by global analysis. 

Excited-state deactivation pathway of the model compounds comprising the decay of the 

porphyrin excited state (S*) to ligand to metal charge transfer state (LMCT, τ1), back 

electron transfer from metal to ligand (MLCT, τ2), and relaxation to the ground state 
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through different electronic spin states of iron (τ3 and τ4) are proposed along with the 

vibrational cooling processes. This is based on the excited state absorption spectral 

evolution, similarities between the transient absorption spectra of the ferric form and 

steady-state absorption spectra of the low-spin ferrous form, and the data analysis. The 

observation of an increase of all the relaxation time constants in DMSO compared to the 

methanol reflects the stabilization of intermediate states involved in the electronic 

relaxation. The transient absorption spectra of met-myoglobin are also measured for 

comparison. Thus, the transient absorption spectra of these model compounds reveal the 

involvement of multiple iron spin states in the electronic relaxation dynamics, which could 

be an alternative pathway to the ground state besides the vibrational cooling processes and 

associated with the inherent features of the heme b type. 

3.2 Introduction 

Heme proteins possess a remarkable ability to actively involved in different types 

of biological functions through different chemical reactivity.1-5 The prosthetic group, heme 

can be modified by several ways including changing the axial ligands6, electron-

withdrawing or electron-donating peripheral substituents7, oxidation states of the iron atom, 

polar and non-polar groups around the heme8-10 and the conformation of the heme 

macrocycle (planar or non-planar)11to favour the different types of reactivity.5 

Conformational distortions of the heme are related to the peripheral substituents of the 

macrocycle which in turn influence the ground and excited-state properties of the heme.12-

15 The ultrafast excited-state relaxation dynamics of iron metalloporphyrins have been 

investigated extensively as they are serving as a model system for heme proteins.16-18 The 

transient absorption spectra of various heme model compounds and heme proteins were 

investigated to understand the underlying mechanism in the relaxation dynamics of   
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the heme.16, 18-21 Based on the experimental evidences, two distinct models comprising of 

the vibrationally excited (“hot”) electronic ground-state21-25 and the multiple electronic 

 intermediate excited-state are proposed.19-20, 26-27 Interestingly the heme model compounds 

are simplest, ubiquitous, possessing a rich diversity of chemical structures and reaction. 28-

29 The femtosecond time-resolved transient absorption spectra of ferric Hemin (Fe-

Protoporphyrin IX-Cl) were investigated in solution and gaseous states18, 30. Marcelli et 

al.18 reported that Hemin in the excited-state relaxed to the ground state by IC with the sub-

picosecond time scale and subsequently, ground state was completely recovered through 

VC with a time constant of ~5.7 ps. Schematic representation of the relaxation pathways of 

Hemin upon excitation at the Soret band are shown in Figure 3.1.  

 

 

 

 

 

 

Figure 3.1 Chemical structure of Hemin and schematic representation of the energy 

relaxation dynamics of Hemin upon Soret band excitation. The Figure is copied from Ref. 

18. 

 

The vibrational levels of the Qx, Qy and B electronic states are represented by solid 

horizontal lines. The long wavy arrow corresponds to the internal conversion (IC) from B 

state to the metal states. The fastest time constant (0.2 ps) was attributed to the CT state. 

Since a back electron transfer from d to π orbital was possible, the 1.5 ps dynamics was 

assigned to the iron (d, d) state. The time constant for VC was observed to be 5.7 ps. The 

first report on the excited-state relaxation dynamics of Hemin in the gas phase was 

provided by Soep et al.30 in 2010. They used femtosecond pump-probe spectroscopy   
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with 90 fs time resolution and found two exponential components including the ultrafast 

initial decay in the order of 50 fs attributed to the CT process from ligand to metal and a 

second relaxation time constant of 250 fs corresponding to the relaxation of this LMCT 

state to the ground state. Rury et al.31 studied the ultrafast dynamics of Fe(III) 

tetraphenylporphyrin chloride [Fe(III)TPPCl] in room temperature upon excitation at 400 

and 520 nm to find the role of the spin configuration of the central metal atom in the 

relaxation of optically excited states. Upon, Soret band excitation the initially formed S2 

state was internally converted to the lower Q (, ), manifold. The porphyrin excited 

singlet state relaxed into an LMCT state with a time scale of 0.4–0.6 ps.  An MLCT 

transition from the Fe to the porphyrin happened on a time scale of 1.8– 2.3 ps producing 

an excited 4T iron state (intermediate spin state). This state then relaxed to the ground state 

on a time scale of 13–19 ps (Figure 3.2).  

 

 

 

 

 

 

 

Figure 3.2 Structure of Fe(III)TPPCl and its proposed model for the electronic 

relaxation following excitation at 400 nm and 520 nm. The Figure is copied from the Ref. 

31. 

 

Humphrey et al.32 investigated the excited-state relaxation dynamics of Fe(III) tetrakis(4-

hydroxyphenyl) porphyrins on a femto to nanosecond time scale in acetonitrile. The excited 

porphyrin relaxed back to the ground state in less than 30 ps in the solution state. Whereas 

in the electro-polymerized films the excited-state lifetime was increased to over   

 

 



   Introduction 

53 

 

2.5 ns. They observed that the excitation was localized on a single porphyrin chromophore 

while the relaxation pathways differ in solution and solid-state. In the solid-state the 

increased relaxation lifetime was attributed to the changes in vibrational modes of the 

macrocycle induced by the steric strains. Because of the restriction of porphyrin 

macrocycle, ultrafast excited-state relaxation followed an alternate mechanism by creating 

CT state, other than through a (d, d*) state (Figure 3.3). 

 
 

Figure 3.3 Illustration of two intramolecular CT steps (1 and 2), metal and macrocycle 

orbitals involved in CT (b) and macrocycle doming vibrational mode (c). The Figure is 

copied from Ref. 32. 

 

In 2014, Atak et al.26 reported the resonant inelastic X-ray scattering spectra at the iron L-

edge of Hemin in dimethyl sulfoxide (DMSO). They observed that the effect of spin state 

on the molecular structure was more pronounced when chloride was included in the axial 

position. The bond angles in N−FeCl was increased in the higher spin state structures as 

the Fe tends to pulled away from the molecular ring plane The singly occupied Fe d-orbital 

energy diagrams of the three different spin states and the corresponding molecular 

geometries of Fe(III) protoporphyrin IX with and without chloride ion are shown in Figure 

3.4. Chergui et al.19 reported a spin state controlled early relaxation dynamics of met-Mb 

along with VC mechanism (Figure 1.10). Recently Scopigno et al.33 proposed a mechanism 

in the early relaxation dynamics of deoxy-Mb and Mb-CO by the involvement of specific 

vibrational modes leading to the VC process using FSRS.   
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Figure 3.4 Simplified singly occupied iron d-orbital energy diagrams of the three 

different spin states and the molecular geometries of Fe(III) protoporphyrin IX with and 

without chloride ion at the top and the bottom, respectively. The Figure is copied from Ref. 

26. 

 

Spiro et al.34 reported ultrafast CT and structural events in a novel Fe(II)porphyrazine 

(FePz) complex in aqueous solution using transient absorption spectroscopy, FSRS, and 

DFT. As shown in Figure 3.5, an excitation to the MLCT state followed a rapid relaxation 

with a time constant of 150 fs from the Franck–Condon region. Intersystem crossing to the 

d–d state occurred within 160 fs, which relaxed to the ground state within 4 ps. There have 

been a lot of studies on the spin state crossing of Fe porphyrin systems  

 

 

 

 

 

 

 

 

 

 

Figure 3.5 Chemical structure of Fe(II) porphyrazine compound and schematic 

representation of photoinduced charge flow inside the novel FePz complex in aqueous 

solution. The Figure is copied from Ref.34. 
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 using different techniques other than time-resolved spectroscopy such as 1H and 13C 

NMR35-36, Mössbauer spectroscopy37 and EPR.38-39 Despite the numerous studies on 

various heme dynamics comprising the spin cross over in Fe atom as well as VC pathways, 

the exact mechanisms of the relaxation dynamics are still under debate. 

Herein, we report the influence of the axial ligands, peripheral substituents, and the 

solvents on the excited-state relaxation dynamics of various heme model compounds 

(Hemin-Cl, Hemin-Br, and Hemin-meso) using the femtosecond time-resolved 

pumpprobe spectroscopy upon excitation at 380 nm in MeOH and DMSO. The structural 

difference in Hemin-Cl and Hemin-Br is the change in axial ligands and other peripheral 

substituents remains the same. Whereas in the case of Hemin-meso, vinyl groups are 

replaced with ethyl substituents. All of the heme model compounds are penta-coordinated 

and high spin (S = 5/2) in nature.40 DMSO could mimic the aqueous environment of the 

biological system as it possesses a similar value of dipolar solvation [Δf (ε,n), 0.28] 

compared to the water (0.32).41-42 The dynamics were compared with met-Mb, which is an 

oxygen storage heme protein having heme b and high spin in nature.43-44 The chemical 

structures of various heme model compounds and met-Mb are shown in Figure 3.6.  

The spectral and kinetic analysis of femtosecond time-resolved transient absorption 

spectra (FTAS) of heme model compounds revealed the involvement of multiple electronic 

spin states of Fe atom in the excited-state relaxation dynamics and also the ground state 

recovery by the VR. 
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Figure 3.6 Chemical structures of heme model compounds and met-Mb. 

3.3. Results and Discussion 

3.3.1 Steady State Absorption Spectra 

The stationary absorption spectra of Hemin-Cl, Hemin-Br, and Hemin-meso in 

the ferric form were measured in MeOH and DMSO. The absorption spectrum of Hemin-

Cl in MeOH (Figure 3.7 (a)) consists of a Soret band (397 nm, S2  S0) and Q bands (500 

and 623 nm) due to ππ* transition.18, 45 The absorption spectra of Hemin-Br (Figure 3.7 

(b)) is similar to that of Hemin-Cl, whereas, the spectra is blue shifted (∼389 nm) in the 

case of Hemin-meso  (Figure 3.7 (c)) compared to Hemin-Cl, reflecting that   
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Figure 3.7 Stationary absorption spectra of Hemin-Cl (a), Hemin-Br (b), and Hemin-

meso (c) in MeOH (red) and DMSO (black). The absorption spectrum of met-Mb (d) in 0.1 

M Kpi buffer at pH 7 is also shown. The blue dotted line indicates the excitation wavelength 

(λexctn = 380 nm) used for transient absorption measurements. 

 

the replacement of the vinyl by ethyl group minimized the electron-withdrawing nature and 

conjugation of the peripheral substituents.46 When compared to MeOH, all the model 

compounds showed red-shifted absorption maxima in DMSO (Figure 3.7). The absorption 

spectrum of met-Mb in 0.1 M Kpi buffer at pH 7 is also shown (Figure 3.7 (d)). The 

temperature-dependent absorption spectra of all the heme model compounds (20 to 50 °C 

in MeOH with an increment of 10 °C) and met-Mb (20 to 60 °C at pH 7.0) were measured 

and shown in Figure 3.8. Generally, the temperature dependent absorption spectra of the 

heme model compounds and protein could relate the spectral shape of the FTAS. The 

differential absorption spectra (at temperature ∼40 °C) show similar characteristic features 

of the transient absorption spectra at ∼1 ps  (vide infra).   
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Figure 3.8 Normalized absorption spectra of heme model compounds in MeOH and 

met-Mb in 0.1 M Kpi buffer (pH 7) at different temperatures. Insets: Temperature-

dependent differential absorption spectra, A= A(T) - A(20) obtained relative to the 

spectrum at T= 20 C. 

 

It displays both positive and negative bands at around the Soret band region owing to the 

red-shift and broadening of absorption spectra at higher temperatures. In MeOH, the 

spectral bandwidth for all heme model compounds are broadening with an increase of 

temperature whereas no such spectral broadening is observed in the met-Mb until 60 °C.47 

This reflects the weakening of the degree of coupling between heme vibronic transitions 

and low-frequency motions in the model compounds at high temperatures.48 

3.3.2 Femtosecond Transient Absorption Spectra  

In order to record the FTAS, the absorbance of the samples was made to have 

between 0.4 and 0.6 at the pump wavelength in a 0.4 mm optical path length spinning 
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sample cell, equivalent to a concentration of 60-100 m. The FTAS, ΔA (λ, t) of Hemin-

Cl and -Br in MeOH were measured upon exciting at 380 nm (Figure 3.9 and 3.10).  
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Figure 3.9 FTAS of Hemin-Cl in MeOH obtained upon excitation at 380 nm. The 

different time delays are given and the arrows indicate the spectral evolution. Inset: 

Transient decays of the ESA maximum and bleach maximum probed at the respective 

wavelengths. 

 

In Figure 3.9, the panel a shows the spectral evolution of Hemin-Cl from 0.0 to 1.1 

ps after the photo-excitation. The transient spectrum at 0.2 ps is dominated by a bleach 

band (∼395 nm) owing to the depopulation of the ground state and an ESA at 410 to 470 

nm and beyond 525 nm. When the delay time increased to 0.5 ps, the gradual decrease of 

the bleach band and increase of the ESA with a narrowing of spectral bandwidth and blue 

shifting are observed, which indicates the occurrence of the VC dynamics in the transient 

spectra. In panel b, when the delay time increased from 3.0 to 23.5 ps, the spectral intensity 

gradually decreases and recovered back to equilibrium at around ∼23.5 ps. The spectral 



Femtosecond Transient Absorption Spectra 
 

60 

 

evolution and shape of the transient spectra of Hemin-Cl in MeOH are consistent with 

literature.18 The kinetic traces of the ESA and bleach maxima are shown in the inset of 

Figure 3.9. The spectral pattern of Hemin-Br (Figure 3.10) in MeOH is similar to that of 

the Hemin-Cl. The spectral evolution of the Hemin-Br starting from 0.0 to 0.55 ps are 

shown in panel a of Figure 3.10. The spectrum at 0.1 ps is dominated by a bleach band 

(∼396 nm) and the ESA bands (415 to 470 nm and beyond 525 nm). When the delay time 

is increased to 0.5 ps, the decrease of the bleach band along with an increase of ESA with 

the occurrence of signature of VC dynamics are observed. When the delay time increased 

from 1.35 to 28.35 ps, whole spectral intensity decreases and recovered back to the 

equilibrium within ∼28.35 ps. To explore the effect of the excitation wavelength on the 

excited-state dynamics, the FTAS of Hemin-Cl and -Br in MeOH were also measured 

upon excitation at 530 nm (Figure 3.11 and 3.12).  As in the case of 380 nm excitation, the 

decrease of the bleach band and an increase of ESA along with the signature of the VC 

dynamics are observed. To understand the effect of peripheral substituent on the excited-

state relaxation dynamics, the FTAS of Hemin-meso were also measured in MeOH upon 

excitation at 380 nm (Figure 3.13). The spectral evolutions are similar to that of Hemin-

Cl. The interaction of chromophore with solvent influences the excited-state relaxation 

dynamics of the heme. Therefore the FTAS of Hemin-Cl, -Br, and -meso were also 

measured upon excitation at 380 nm in DMSO (Figure 3.14 to 3.16). The pattern of spectral 

evolutions is similar in both DMSO and MeOH, whereas, the relaxation dynamics are 

observed to be more stabilized in DMSO. Markedly the presence of a long-lived species is 

observed in DMSO for all the heme model compounds attributed to the formation of 

photoproducts. The amount of the photoproduct component is negligible in MeOH whereas 

it is larger in DMSO. This indicates that, upon laser excitation, the model compounds are 

more susceptible to form photoproducts in DMSO than in MeOH. To correlate the excited-  
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Figure 3.10 FTAS of Hemin-Br in MeOH obtained upon excitation at 380 nm. Inset: 

the transient decay of the ESA and bleach bands at the corresponding probe wavelength.  
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Figure 3.11 The FTAS of Hemin-Cl in MeOH obtained upon excitation at 530 nm.  
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Figure 3.12 The FTAS of Hemin-Br in MeOH obtained upon excitation at 530 nm.  
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Figure 3.13 The FTAS of Hemin-meso in MeOH obtained upon excitation at 380 nm.  
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Figure 3.14 The FTAS of Hemin-Cl in DMSO obtained upon excitation at 380 nm.  
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Figure 3.15 The FTAS of Hemin-Br in DMSO obtained upon excitation at 380 nm.   
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Figure 3.16 The FTAS of Hemin-meso in DMSO obtained upon excitation at 380 nm. 
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Figure 3.17 The FTAS of met-Mb in 0.1 M Kpi buffer at pH 7 obtained upon excitation 

at 380 nm. 
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state relaxation dynamics of the model compounds to heme protein, the FTAS of met-Mb 

at pH 7.0 were also measured upon excitation at 380 nm (Figure 3.17). The spectral 

evolution of the met-Mb at different delay times are similar to that of Hemin-Cl in MeOH 

and the spectral patterns and evolutions are consistent with the literature.19 

3.3.3 Analysis of Transient Absorption Spectra 

The analysis of FTAS of heme model compounds and met-Mb was performed with 

the R package TIMP and its graphical user interface of GLOTARAN49-50. All the transient 

absorption spectra obtained from the equipment is compensated for chirp of the white light 

by determining the time zero using coherent artifact observed in the solvent. SVD was 

performed before global analysis  to estimate the number of kinetic parameter needed. Four 

exponential components were optimally fitted to the transient absorption data using 

sequential model to describe the excited-state relaxation dynamics of model compounds 

completely. The integrity of the sample is tested by measuring the absorption spectra of the 

sample before and after the experiments and found to be no significant changes in the 

absorption spectra. 

The heat map of FTAS, time profile and exponential fit at maxima of GSB and ESA 

along with residual obtained from global sequential analysis of Hemin-Cl in MeOH and 

met-Mb are shown in Figure 3.18 and 3.19. The time constants obtained are shown in 

Table 3.1. The time constants obtained for met-Mb by global analysis are τ1 ≈ 70 fs, τ2 = 

434 ± 10 fs, τ3 = 1.09 ± 0.06 ps, and τ4 = 4.34 ± 0.07 ps. These time constants are in 

accordance with previous literatures.19, 51 The DAS for the model compounds in MeOH and 

DMSO are shown in Figure 3.20 and 3.21. The DAS obtained for the excitation at 380 nm 

exhibit common features of FTAS. 
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Figure 3.18 Heat map of FTAS of Hemin-Cl in MeOH as a function of time delay 

(vertical) and probe wavelength (horizontal) in 35 ps time window upon excitation at 380 

nm. As indicated in the heat map, the zero level is coloured in yellowish red, red indicates 

positive signals (ESA) and green/blue denote negative signals (GSB) (a). The time profile 

at ESA maximum (b) and GSB maximum (c) (open circles) along with four-exponential fit 

curve obtained from global analysis (solid line) and residual data (ash coloured solid line, 

lower panel). 

3.3.3.1 Signature of Vibrational Cooling Dynamics 

 The excited-state relaxation dynamics of heme model compounds, comprised 

of sequential steps of LMCT, iron d−d transition and significantly, the recovery of the 

ground state by VR.18, 30, 52 The transient absorption spectra (Figures 3.93.16) of various 

model compounds showed the occurrence of VC as the ESA spectra shifting toward the 

blue region along with narrowing of the spectral width with the increase of delay time in 

the picosecond range. Further, the amount of the ground state recovery occurring through 
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the back electron transfer (MLCT) was determined by the ratio between the area of the 

complete Soret band region of the static and transient absorption spectra, assuming that the  

 

 

 
 

Figure 3.19 Heat map of FTAS of met-Mb as a function of time delay (vertical) and 

probe wavelength (horizontal) in 35 ps time window upon excitation at 380 nm. As 

indicated in the heat map, the zero level is coloured in yellowish red, red indicates positive 

signals (ESA) and green/blue denote negative signals (GSB) (a). The time profile at ESA 

maximum (b) and GSB maximum (c) (open circles) along with four-exponential fit curve 

obtained from global analysis (solid line) and residual data (ash coloured solid line, lower 

panel). 
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Table 3.1 The time constants obtained by global analysis  for heme model compounds 

at 380 nm excitation. 

 

Solvent Hemin-Cl Hemin-Br Hemin-meso 

 

MeOH 

1 = < 80 fs 

2 = 248 ± 10 fs 

3 = 1.50 ± 0.05 ps 

4 = 5.60 ± 0.06 ps 

 

1 = < 80 fs 

2 = 274 ± 10 fs 

3 = 1.82 ± 0.05 ps 

4 = 5.98 ± 0.05 ps 

1 = < 80 fs 

2 = 275 ± 15 fs 

3 = 1.87 ± 0.06 ps 

4 = 6.75 ± 0.07 ps 

 

DMSO 

1 = < 80 fs 

2 = 296 ± 10 fs 

3 =2.02 ± 0.05 ps 

4 = 6.58 ± 0.06 ps 

1 = < 80 fs 

2 = 499 ± 10 fs 

3 = 2.61 ± 0.05 ps 

4 = 7.57 ± 0.05 ps 

1 = < 80 fs 

2 = 580 ± 20 fs 

3 = 2.95 ± 0.06 ps 

4 = 9.22 ± 0.08 ps 

 

transition strength of the transient state Soret band is same as that of the ground state (Table 

3.2). It is observed that ∼52 ± 5% of excited molecules directly relax to the hot electronic 

ground state demonstrating the strong signature of VR in the excited-state dynamics.19 

There are no significant changes are observed in the time constants obtained upon 530 nm 

excitation compared to 380 nm excitation. Whereas, the transient absorption spectra 

exhibited a red shift and broadening upon excitation at 380 nm compared to 530 nm (Figure 

3.22). It could be due to the increase of local heme temperature53 to ∼880 K by excitation 

at 380 nm compared to excitation at 530 nm (∼750 K). In addition, the direct ground state 

recovery for the 530 nm excitation is similar to that of the 380 nm excitation (∼50 ± 10%) 

revealing the independence of pump energy on VR. 
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Figure 3.20 DAS of heme model compounds in MeOH obtained from global analysis 

upon exciting at 380 nm. 
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Figure 3.21 The DAS of heme model compounds in DMSO obtained from global 

analysis for 380 nm excitation.  
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Table 3.2 The calculation details for the ground state recovery for the different model 

compounds in MeOH and met-Mb in PBS buffer.  

 

Compound Ground-state absorption 

spectra 

Transient 

absorption 

spectral 

time 

 

Excited-state absorption 

spectra 

Ratio of 

absolute 

area Wavelength 

range 

(nm) 

Absolute 

area 

Wavelength 

range 

(nm) 

Absolute 

area 

 

met-Mb 

 

365 – 493 

 

37.277 

 

440 fs 

 

380 420 

 

66.475 

 

56.07% 

 

Hemin-Cl 

 

365 –  493 

 

34.748 

 

250 fs 

 

360  409 

 

66.313 

 

52.40% 

 

Hemin-Br 

 

365 –  493 

 

35.871 

 

250 fs 

 

360 – 409 

 

62.690 

 

57.21% 

 

Hemin-

meso 

 

356  463 

 

28.160 

 

260 fs 

 

356396 

 

51.950 

 

54.20% 
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Figure 3.22 The transient absorption spectra of Hemin-Cl in MeOH at 1ps obtained by 

exciting at 380 (black) and 530 (red) nm is shown for comparison.  
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3.3.3.2 Involvement of Multiple Electronic Spin States. 

The relaxation dynamics follows an alternative pathway by the involvement of 

multiple electronic spin state of the Fe atom in addition to the VR dynamics. A new peak 

appeared around at ∼ 525 nm in the Q-band region of the FTAS of heme model compounds 

after ∼300 fs (Figure 3.23). The resemblance of the FTAS of the Q-band region having 

doublet structure (peaks at ∼ 525 and 560 nm) to the stationary absorption spectra of heme 

model compounds in the ferrous form (Figure 3.24) suggests the occurrence of a new 

electronic intermediate state in the fast relaxation process. There is no access to detect the 

transient formation of the peak around 525 nm upon excitation at 530 nm due to the 

experimental limitation (excitation laser scattering at 530 nm), which could support the 

involvement of different electronic spin states.  
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Figure 3.23 FTAS of heme model compounds in the Q band region upon excitation at 

380 nm, normalized at the ESA maximum at around 560 nm to display the formation of 

peak around ~ 525 nm.  



Analysis of Transient Spectra   
 

72 

 

Hence, the involvement of multiple electronic spin states accompanied by the VC processes 

is proposed in the excited-state relaxation dynamics of various heme model compounds. 

Based on spectral evolution and literature18-19, 27, 30 the four time constants for the heme 

model compounds are discussed in detail. 

τ1 ∼ LMCT. The time constant τ1 (~ <80 fs) is within the IRF.  Though the time constant 

of 70-80 fs is within the IRF of our femtosecond pump-probe spectroscopy (< 120 fs), it 

could be possible to deconvolute  from the femtosecond transient absorption data by global 

analysis. As the fluorescence lifetimes of the metalloporphyrins are shorter18, 54 owing to 

the electron transfer from the porphyrin ring to the Fe atom, this lifetime could be attributed 

to the LMCT process. The appearance the broad peak around ~ 630 nm, due to the 

formation of a cation of porphyrin further support the LMCT transition in the FTAS of the 

model compounds (Figure 3.25).55-56   
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Figure 3.24 Stationary absorption spectra of ferric (black) and ferrous (red) Hemin-Cl 

in MeOH (a), DMSO (b) and met-Mb (c) at pH 7. FTAS (grey) at 1 ps are also shown for 

comparison.  All the spectra are normalized at 525 nm.  



        Analysis of Transient Spectra 

73 

 

However this time constant could also be attributed to the IC from S1 S2 state impeding 

the ultrafast LMCT transition. 

τ2 ∼ MLCT. The DAS of τ2 is comparable to the singlet absorption spectra of the metallo-

porphyrins20, 57 and porphyrin cations56, 58as it possess the ESA maxima between 430 and 

470 nm and beyond 550 nm. Since the porphyrin cation formed by LMCT is much stable 

in the excited-state, electron can be transferred back from the metal orbital to the porphyrin 

HOMO.19, 59 Additionally, this time constant is much faster compared to the VC time 

constant (∼3−8 ps).60-61  Franzen et al. 27 reported a similar time constant for the back 

electron transfer process in Hb. Therefore, the time constant obtained in the range of 248 

to 580 fs could be assigned to the back electron transfer from the metal to porphyrin 

orbital.18 

τ3 and τ4 ∼ (S = 1/2 and 3/2). There is an appearance of double peaks at ∼ 525 and 560 in 

the Q-band region of transient absorption spectra after the 300 fs time delay for all the heme 

model compounds and met-Mb. The spectral resemblance between the FTAS of Hemin-

Cl at 1 ps and the stationary absorption spectra of the low spin ferrous HeminCl in MeOH 

and DMSO in the Qband region are shown in Figure 3.24. Moreover, water ligated 6C 

ferric metMb and 6C ferrous Mb showed similar spectral features around the Qband 

region of transient spectra at low temperature.62 Such similar observation could reflect the 

same electronic distribution on the heme–macrocycle, where Fe dπ orbitals are stabilized 

leading to the formation of low spin state. Thus, the time constant τ3 is attributed to the 

state where the Fe is in the low spin state (S = 1/2) with four electrons in the dπ orbitals. 

The relaxation dynamics will be completed by passing through the intermediate quartet 

spin state (S = 3/2) to the high spin ground state (S = 5/2). Therefore, the time constant, τ4, 

is assigned to the intermediate spin state, where the Fe would have the spin state of (S = 

3/2). It is to be noted that these assignments are in good agreement   
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Figure 3.25 FTAS of model compounds and metMb measured at 1ps after the 

photoexcitation. The asterisk denotes the absorption maximum of the porphyrin cation. 

 

with the observation of the FTAS of metMb by Chergui et al.19, where the initial 

relaxation dynamics was found to have the involvement of different electronic spin state of 

the Fe atom. The presence of the electronically excited intermediate state in the relaxation 

dynamics has also been reported for the model compounds as well as proteins.63-64 

However, the involvement of different electronic spin states can be further characterized 

by using the femtosecond Xray absorption spectroscopy and FSRS with the time 

resolution of 50 fs.33 Thus, the mechanism of excitedstate relaxation dynamics of heme 

model compounds comprising different electronic spin states is proposed based on the 

spectral evolution, global analysis, and literature18-19, 30 and shown in Scheme 3.1 
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Scheme 3.1 Proposed mechanism for the excitedstate relaxation dynamics of heme 

model compounds comprising different electronic spin states of iron atom. 

 

3.3.3.3 Effect of Axial Ligands, Peripheral Substituents, and Solvents 

The time constants obtained for HeminBr, Heminmeso in MeOH and DMSO 

are compared to the HeminCl in MeOH. No conclusion can be made from the shortest 

time constant, τ1, as it is within our IRF (<120 fs). 

HeminBr: The relaxation time constants of HeminBr are increased (particularly, τ3 and 

τ4) when compared to the HeminCl. A weak field strength ligand (Cl > Br) could stabilize 

the energy level of both the dz
2 and dπ orbitals by dropping an electron from the dx

2
−y2 

orbital to one of the lowest dπ orbitals65-67, leading to the intermediate or low spin states 

(Scheme 3.1). 

Heminmeso: When compared to HeminCl, the relaxation time constants obtained for 

Heminmeso are longer. The electron density at the iron center will be increased when  
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the vinyl group is replaced by the ethyl group in the case of Heminmeso due to the 

lowering of the  conjugation in the periphery of the porphyrin ring. Furthermore, some 

significant changes including the basicity of amide nitrogen atoms, binding affinity of the 

ligand to a central metal and absence of the torsional conformers occur in the 

Heminmeso.46, 48 All of these changes could lead to an increase of the time constants for 

the Heminmeso. 

DMSO: When compared to MeOH, systematic increases of all the relaxation time constants 

for all the compounds are observed in DMSO. It could be due to the increased interaction 

between oxygen atom in the DMSO with axial ligand leading to an alteration in the electron 

density of Fe atom in the porphyrin leading to the stabilization of the relaxation dynamics. 

However, the less efficient energy dissipation due to the higher viscosity of DMSO68 

leading to slower time constants may not be ruled out. Such stabilization of different 

electronic spin states, VC and CT dynamics with the increase of solvent viscosity and 

polarity were already observed in different metalloporphyrins. 

3.4 Conclusion 

In summary, the femtosecond timeresolved pumpprobe spectroscopy was used 

to investigate the excitedstate relaxation dynamics of the heme and to understand the 

effect of the axial ligand (Cl/Br), the peripheral substituent (vinyl/ethylmeso), and solvent 

(MeOH/ DMSO). Overall, the FTAS of the heme model compounds reveal the evidence of 

the involvement of both vibrational relaxation and intermediate electronic spin states in the 

excitedstate relaxation pathway. For example, the evolution of ESA spectra along with 

narrowing of the spectral bandwidth and shifting toward the blue region with an increase 

of the delay time indicate the occurrence of VC in the picosecond range. Concurrently the 

existence of multiple electronic spins states is observed by the  
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appearance of the new peak at ∼525 nm after ∼300 fs and lasting for ∼8 ps, leading to the 

spectral similarities between the FTAS of the ferric and stationary absorption spectra of the 

low spin ferrous heme model compounds. The time constants proposed for the different 

electronic spin states can also be correlated with the various stages of the VC dynamics. 

The spectral and kinetic analysis of FTAS of metMb showed similar features to the heme 

model compounds. Therefore, the involvement of different electronic spin states could be 

an alternative pathway to the ground state along with the VR process in the deactivation 

pathway of photoexcited heme model compounds and correlated to be an inherent feature 

of the heme b type. 

3.5 Materials and Methods 

3.5.1 Sample Preparation: HeminCl, HeminBr, and Heminmeso and dehydrated 

metMb were purchased from Frontier Scientific and SigmaAldrich respectively and 

used without further purification. The ferrous compounds were prepared by the addition of 

sodium dithionite under the argon atmosphere. 

In order to record the FTAS, the absorbance of the samples was made to have 

between 0.4 and 0.6 at the pump wavelength (380 nm) in a 0.4 mm optical path length 

spinning sample cell, equivalent to a concentration of 60100 m. 
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Chapter 4 

Ultrafast Heme Relaxation Dynamics Probing the 

Unfolded States of Cytochrome c Induced by 

Liposomes: Effect of Charge of Phospholipids 
 

 

4.1 Abstract 

The ubiquitous electron transfer heme protein, cytochrome c (Cyt c) catalyses the 

peroxidation of cardiolipin (CL) in the early stage of apoptosis, where Cyt c undergoes 

conformational changes leading to the partial unfolding of the protein. Here the interaction 

dynamics of Cyt c with liposomes having different charges [CL, − 2; POPG (2-Oleoyl-1-

palmitoyl-sn-glycero-3-phospho-rac-(1- glycerol) sodium salt), −1; and POPC (2-Oleoyl-

1-palmitoyl-sn-glycero-3- phosphocholine), 0] leading to various degrees of partial 

unfolding is investigated with steady state optical spectroscopy and femtosecond time-

resolved pump−probe spectroscopy. The signature of the partial unfolding of the protein 

was observed in the absorption, fluorescence, and CD spectra of Cyt c−liposome 

complexes with an increase of lipid/protein (L/P) ratio, and the protein was refolded by the 

addition of 0.1 M NaCl. The femtosecond transient absorption spectra of the complexes 

were measured by selectively exciting the heme and tryptophan (Trp) at 385 and 280 nm, 

respectively. 
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Though significant changes were not observed in the excited state relaxation dynamics of 

the heme in liposomes by exciting at 385 nm, the 280 nm excitation exhibited a systematic 

increase of the excited state relaxation dynamics leading to the increase of lifetime of Trp 

and global conformational relaxation dynamics with the increase of anionic charge of the 

lipids. This reveals the decrease of efficiency of fluorescence resonance energy transfer 

from Trp to heme due to the increase of distance between them upon increase of partial 

unfolding of the proteins by liposomes. Such observation exhibits the Trp as a marker 

amino acid to reflect the dynamics of partial unfolding of the protein rising from the change 

in the tertiary structure and axial ligand interaction of the heme proteins in liposomes. The 

relaxation dynamics of the complexes in the presence of salt are similar to that of the native 

protein, reflecting that the refolding of the protein and the interactions are dominated by 

electrostatic interaction rather than the hydrophobic interaction. 

4.2 Introduction 

 Cyt c, is an important electron transfer heme protein and loosely associated with 

the inner mitochondrial membrane.1-2 It was observed that Cyt c could act as an initiator 

for mitochondrial apoptosis (programmed cell death).3-5 In the early stages of apoptosis, 

Cyt c acts as a catalyst for peroxidation of anionic phospholipid, CL.6-7 About 20% of total 

membrane lipids consists of CL, having a unique structure with four fatty acid tails and a 

head group.8 At physiological pH, Cyt c possesses an overall charge of +8 enabling its 

interaction with negatively charged molecules of the phospholipids.9 

4.2.1 Apoptosis 

 Apoptosis is a process involved in the development and elimination of damaged 

cells, and maintenance of cellular process.10,5 Apoptosis plays an important role in diverse 

physiological processes especially fetal cells and in adult tissues.11-13 Different diseases  

such as cancers, immune, and neurodegenerative disorders are reported to be caused by   
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the deregulation of apoptosis.6 The mechanism of apoptosis is complicated. Apoptosis is 

mainly implemented by cysteine proteases known as caspases. Major caspase activation 

pathway is initiated by Cyt c in mammalian cells.7,14-15 During the process, different types 

of apoptotic stimuli induce the release of Cyt c from mitochondria to cytoplasm, causing a 

series of biochemical reactions activating the caspase action leading to cell death.16-17,18 A 

schematic diagram representing the Cyt c liberation from inner mitochondrial membrane 

is shown in Figure 4.1. During the initial stage of apoptosis, the ROS can oxidize the CL 

and induce the liberation of Cyt c from inner mitochondrial membrane. The release of 

different proteins such as adenylate kinase-2 (AK-2), SmacDIABLO, alongwith Cyt c 

present in the inter membrane space have been observed during the early stages of apoptotic 

cell death. In the outer mitochondrial membrane two BCL-2 family proteins, Bax and Bak 

are associated with a voltage-dependent anion channel component of the permeability 

transition (PT) pores allow the release of Cyt c from the inter-membrane space of the 

mitochondria into the cytoplasm.9 The release of Cyt c from mitochondria is therefore 

considered as a key initial step in the apoptotic process.8 

4.2.2 Phospholipids 

 Phospholipids are present in all biological membranes and contain either a glycerol 

group or a long-chain unsaturated amino alcohol. Most of the phospholipids have a 

diglyceride, phosphate group and a simple organic molecule such as choline.7 The head is 

hydrophilic in nature comprising negatively charged phosphate group and glycerol. The 

hydrophobic tail contains long fatty hydrocarbon chains (Figure 4.2).18 Generally the fatty 

acid hydrocarbon chain is un-branched and possesses cis double bonds. Mammalian cell 

membranes contain thousands of various phospholipids having different fatty acyl chains.19 

In mammalian cell membranes, about 40–50% of total phospholipids are  
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Figure 4.1 The liberation of Cyt c from the inner mitochondrial membrane. The Figure 

is copied from Ref. 16.  

 

constituted by phosphatidyl-choline (PC) and phosphatidyl-ethanolamine (PE). Around 

10% of total phospholipids consist of phosphatidyl-serine (PS) and CL. CL  is a 

mitochondria specific diphosphatidyl glycerol, synthesized and located on the 

mitochondrial inner membrane.9, 20Cyt c can undergo structural transitions including axial 

ligand exchange21-22 , and change in the iron spin state in the presence of liposomes.23 

Different modes of interaction were proposed from various groups based on the 

experimental results.5, 24-27 Figure 4.3 shows structural transitions happening in Cyt c upon 

electrostatic interaction with CL. Preliminary structural changes in Cyt c involve the 

breaking of the hydrogen bond between His26 and Pro44 and conversion of some of the 

loop and adjacent regions to  sheets.28 Dissociation of the FeMet80 bond is another 

important structural change occurring in Cyt c upon interaction with liposomes. Later, 

breakup of inter helical contacts between N- and C-terminal helices takes place along with 

unfolding of the protein.29 Interactions of the C-terminal helix with the membrane could 

lead to the formation of membrane pores.30 The interaction dynamics of Cyt c with different 

liposomes have been carried out using various spectroscopies including NMR,  

FRET, EPR, CD, absorption, resonance Raman, and flash photolysis.29, 31-35   
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Figure 4.2 Chemical structure of a phospholipid containing polar and hydrophilic head 

and nonpolar hydrophobic tail.  

 

Understanding of the interaction dynamics of Cyt c with liposomes is challenging, though 

the various mechanism including electrostatic and hydrophobic interactions and hydrogen 

bonding are proposed for the Cyt c−liposome interaction.36 Mainly, two binding sites were 

proposed for the Cyt c liposome interactions, namely A and C sites. A site involves the 

electrostatic interaction via positively charged Lys72 and 73 and negatively charged 

phosphate group of lipids. However, the C site has the hydrophobic interaction through 

hydrogen bonding between Asn52 and protonated lipid phosphate group.37-38 A third 

binding L site was observed by the involvement of Lys22, Lys27, Lys87, and His33.39 

Different models are proposed for Cyt c-CL complex based on experimental data and 

molecular modelling optimizations.36, 40 Initially it was proposed that one acyl chain of CL 

protruded into the protein interior through the hydrophobic channel located near to the 

Asn52 residue.41 This insertion was favoured by H-bonding between Asn52 and the 

protonated phosphate group of CL.24 An alternative model affirms that the binding of CL 

to Cyt c occurs in the region of the Met80-containing loop, and that the acyl chain protrudes 

into the protein after anchoring of the phospholipid to the protein via electrostatic 

interactions between the deprotonated phosphate group of CL and the Lys72 residue42 

(Figure 4. 4). The two acyl chains protrude in the vicinity of Asn52 and Met80. The 

proximal ligand of the heme Fe atom His18 and residues Lys72, Lys73, and Tyr74  
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Figure 4.3 Different modes of Cyt c–CL interaction and the structural rearrangements 

of Cyt c. The Figure is copied from Ref. 28. 

 

are also shown. Analysis of the emission maxima of dye-labelled Cyt c variants pointed to 

the hydrophobic environment of the labelling site at residue near to Arg91, however, it was 

not a deep insertion.5 Markedly, lipid-to-protein (L/P) ratio and the ionic strength strongly 

influenced the Cyt c and liposome interaction.8, 32, 43-44 The L/P ratio was associated with 

the lipid surface coverage by Cyt c.32 The heme group of Cyt c is highly sensitive to nature 

of axial ligand strength, spin state and conformational changes. Hence, Raman 

spectroscopy was widely used to study the Cyt c conformation under different conditions.32, 

36, 45 Cyt c in aqueous solution possess the Raman marker bands at 1,372 (4), 1,502 ( 3), 

1,584 ( 2), and 1,635 cm-1 ( 10). Upon binding with liposomes, a shift of all marker band 

frequencies was observed by Hildebrandt et al.32 and they proposed the existence of native 

(B1; His-Met coordination) and altered (B2) states of Cyt c in the  



   Introduction 

89 

 

presence of DOPG liposome. The B2 state comprised a low-spin (B2[6CLS]), His-His- 

coordinated species, and two high-spin species (a penta-coordinated (B2[5cHS]) and a 

hexa-coordinated species (B2[6cHS])) in which a water molecule acted as the sixth ligand. 

The B2 species was predominated at high L/P ratios, whereas native B1 and His-His-

coordinated B2[6CLS] coexisted at lower ratios. The CL content affect the Cyt c affinity 

to liposomes. Recently Stenner et al.36 proposed, native-like, compact (C) and the 

“extended” (E) conformations of Cyt c which depended on the amount of CL, the L/P ratio 

and the electrostatic interactions, hydrogen bonds, and hydrophobic interactions at different 

ionic strength. Remarkably, most of the studies proposed a peripheral binding model of Cyt 

c with liposomes. The binding interaction of Cyt c–CL complex was studied by 

mutagenesis by substituting Lys72 and Lys73, with Asn38 and CL-dependent peroxidase 

activity of Cyt c was cancelled upon mutagenesis, indicating the role of Lys72 and Lys73 

in the interaction dynamics of Cyt c with CL. Cyt c persisted in an intermediate state in 

the presence of surfactant, sodium dodecyl sulphate (SDS), through unfolding of the protein 

by one step cooperative processes with an activation barrier of 16.8 kJ/mol.46 Vos et al.35 

observed the multistep binding process of NO in ferric Cyt cCL complex having a high 

value of escape fraction of NO and open nature of heme pocket in the complex sing 

picosecond flash photolysis system.  

Many spectroscopic techniques have been used to analyse the interaction of Cyt c with CL 

and observed the loosening and opening of the protein structure, unfolding of the protein, 

disruption of the axial ligand as well as the formation of membrane pores. Still there is no 

clear idea about the various degrees of unfolding of protein and the exact mechanism of 

interaction of Cyt c with liposomes. Hence the research has been focused on understanding 

the mechanism by which Cyt c binds to liposomes in the inner mitochondrial membrane as 

the interaction of phospholipids with Cyt c is a crucial step in   
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Figure 4.4 A molecular model for Cyt c-CL complex. The CL is shown as green, and 

the membrane plane is indicated by a red line (left panel). The enlarged view of the Cyt c-

CL complex near to the heme (right panel). The Figure is copied from Ref. 41. 

 

apoptosis. In this thesis, to understand the effect of the charges of phospholipids on the 

electronic, vibrational, and conformational relaxation dynamics of Cyt c upon 

complexation with liposomes with different charges, absorption, emission, CD, and 

femtosecond transient absorption spectra of the complexes were measured.  Cyt c is 

systematically complexed with CL, POPG, and POPC having charges of −2,−1, and 0, 

respectively. CL possesses four hydrophobic fatty acid tail and a hydrophilic phosphate 

head group with two negative charges. POPG is a phosphatidyl glycerol consist of single 

negative charge with two acyl chains. Whereas, POPC is a phosphatidylcholine and 

zwitterionic over a wide pH range as it possesses a quaternary ammonium group and a 

phosphate moiety.35 The chemical structures of different phospholipids and crystal 

structure of Cyt c are shown in Figure 4.5. It is inferred that the transient absorption spectra 

obtained by excitation at 280 nm exhibited the excited state dynamics of Trp and changes 

of tertiary structure reflecting the conformational changes of the protein  
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Figure 4.5 Chemical structures of CL (a), POPG (b) and POPC (c) and crystal 

structure of ferric Cyt c (d) from PDB: 1HRC.47 The charge of the lipids is also shown. 

 

during partial unfolding of Cyt c upon complexation with liposomes.22 

4.3. Results and Discussion 

4.3.1 Size Distribution of Liposomes 

The size distribution of liposome (500 M) was obtained by dynamic light 

scattering (DLS) experiment. Liposomes having diameter between 20 and 100 nm are 

known as smaller unilamellar vesicles (SUV). Whereas, those with diameters in the range 

between 100 nm and micrometers are classified as large unilamellar vesicles (LUV) and 

giant unilamellar vesicles (GUV) are having diameters in the 1M range.48-50  Here the size 

distribution of CL and POPG (Figure 4.6) is between 20 and 200 nm, indicating uni-

lamellar vesicle formation.43 Homogeneous liposome distributions are more suitable for 

better interaction of Cyt c with liposomes. 
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Figure 4.6 Size distribution of CL (a), POPG (b) and POPC (c) liposomes at a lipid 

concentration of 500 μM obtained from DLS experiment. 
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4.3.2 Stationary Absorption Spectra 

The steady state absorption spectra of Cyt c and Cyt c-liposome complexes were 

measured at different L/P ratio (Figure 4.7). Cyt c in HEPES buffer showed a Soret 

absorption maximum at 409 nm along with a broad asymmetric Q band near 530 nm. 

Whereas the Soret band of Cyt cCL and POPG complexes is centered at 407 nm, slightly 

blue shifted from that of Cyt c. The enlarged view of CT band at 695 nm (normalized at 640 

nm) is shown in the inset of Figure 4.7. A decrease of absorbance of band around 695 nm 

(MLCT band) is observed with increasing the L/P ratio, indicating  
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Figure 4.7 Ground state absorption spectra of Cyt cCL (a), Cyt cPOPG (b), Cyt 

cPOPC (c) and Cyt c (CL+ POPC) (d) complexes with different L/P ratio at pH 7.4. 

Enlarged view of region near CT band at 695 nm is shown in the inset. The arrow depicts the 

decrease of absorbance of the CT band with increase of the L/P ratio. 
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the dissociation of the axial ligand Met80 from the heme.36, 51-53 Moreover, the appearance 

of a new peak at ~620 nm in the higher L/P ratio is observed due to the ferric high-spin 

(HS) formation.54 Cyt c-POPC complex does not showed any significant changes in the 

absorption spectra as POPC is a neutral lipid. The complex of Cyt c with CL and POPC 

mixture (20:80 %) was also prepared to mimic the mitochondrial membrane. The 

absorption spectra of the Cyt cCL+ POPC) complex is similar to that of Cyt c-CL. 

Interestingly by the addition of 0.1 M NaCl, the CT band at 695 nm reappeared in the Cyt 

c-liposome complexes. 

4.3.3 Fluorescence Spectra 

The fluorescence spectra of Cyt cCL, POPG, POPC and CL+ POPC 

complexes having different L/P ratio were measured upon excitation at 290 nm in room 

temperature (Figure 4.8). A gradual increase of emission intensity at around 340 nm is 

observed for negatively charged Cyt c-Liposome complexes with increase of L/P ratio. The 

emission is attributed to Trp and it indicates the partial unfolding of Cyt c.55-56 The 

efficiency of fluorescence resonance energy transfer (FRET)57 from Trp to heme will be 

decreased with increasing the concentration of liposomes due to the partial unfolding of the 

proteins in the presence of liposomes, the efficiency. The FRET efficiency is directly 

related to the donoracceptor distance. Here the distance from Trp to heme will be 

increased from ~10 Å to 25 Å58-59 due to partial unfolding of Cyt c in the presence of 

liposomes. Cyt cCL, POPG and CL+POPC complexes showed higher emission 

intensity with an increase of liposomes concentration, when compared to POPC liposomes. 

In addition, with increase of L/P ratio, a broad weak emission band at ~430 nm attributed 

to P band43 was also observed. The fluorescence spectra of various Cyt cliposome 

complexes were measured by the addition of 0.1 M NaCl to understand the significance of 

electrostatic interaction in Cyt c-liposome complexes. Insets of Figure 4.8   
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Figure 4.8 Fluorescence spectra of Cyt cCL (a), Cyt cPOPG (b), Cyt cPOPC (c) 

and Cyt c (CL+ POPC) (d) complexes at different L/P ratio at pH 7.4 obtained upon 

excitation at 290 nm. Insets show the fluorescence spectra of complexes having L/P ratio 

of 50 with (black) and without NaCl (red). Asterisk (*) represents the characteristic OH 

stretching frequency of water. The arrow indicates the increase of the fluorescence intensity 

with increase of the L/P ratio. 

 

show the fluorescence spectra of Cyt c-liposome complexes having L/P ratio of 50 in 25 

mM HEPES buffer with and without 0.1 M NaCl. In the presence of NaCl, the emission 

peak at ~340 nm, due to Trp is decreased for the Cyt cliposome complexes when 

compared to the complexes in the absence of NaCl. The increased fluorescence intensity of 

Cyt c in the presence of negatively charged liposomes confirms the partial unfolding of the 

proteins indicating the changes of the tertiary structure. 

4.3.4 Circular Dichroic Spectra  

To understand the conformational and structural changes of Cyt c during the 

interaction with liposomes, the CD spectra of Cyt cliposome complexes at different  
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L/P ratio were measured and shown in Figure 4.9. The CD spectrum of Cyt c exhibited a 

bisignate bandcharacteristic to the change of sign in the absorption maximum (~409 nm) 

caused by the variation of absorption of right- and left-circularly polarized light (Cotton 

effect) arising 
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Figure 4.9 CD spectra of Cyt c–CL (a), Cyt c–POPG (b), Cyt c–POPC (c) and Cyt 

c–(CL+ POPC) (d) complexes at different L/P ratio at pH 7.4. Insets show the CD spectra 

of the complex having L/P ratio of 50 with (black) and without 0.1 M NaCl (red). 

 

from both electronic and vibronic perturbations of the heme.60-61 Furthermore, Cyt c 

exhibited  three negative bands at ~285, 330, and 371 nm. Weak positive band in the 450-

520 nm region is attributed to CT transition between porphyrin and heme iron.52 The 

negative band at 417 nm is attributed to the presence of the sixth axial ligand, Met80.62 In 
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the Cyt cCL, CL + POPC and POPG complexes, with an increase of L/P ratios,  

a gradual disappearance of the couplet replaced with a positive Cotton band was 

observed.This reflects a relaxation of the tertiary structure and axial ligand interactions of 

the heme in the protein. However the CD spectra of Cyt cPOPC complex does not showed 

any significant changes even at higher concentration [L/P:150] indicating the weak 

interaction of neutral POPC with Cyt c. Interestingly, the negative Cotton band at ~417 nm 

was reappeared upon addition of 0.1 M NaCl for Cyt cCL, CL + POPG and –(CL+ 

POPC) complexes (insets of Figure 4.9). The decrease of Trp emission intensity in the 

fluorescence spectra and reappearance of Cotton band in the CD spectra in the presence of 

0.1 M NaCl suggest the existence of electrostatic interaction between Cyt c and liposomes. 

In the presence of NaCl, the interaction of anionic phospholipids with Na+ ions will 

compete with the interaction of the lipids with the positive charge of the protein. Therefore, 

the partially unfolded protein refolded back to the native state. 

4.3.5 Femtosecond Time-Resolved Excited State Relaxation Dynamics 

The excited-state relaxation dynamics of the heme in Cyt cliposome complexes 

were investigated using femtosecond time-resolved pump-probe spectroscopy. The pump 

wavelength was chosen to specifically excite the heme and Trp in Cyt c at 385 and 280 nm 

respectively. The FTAS of Cyt c upon excitation at 385 nm are shown in Figure 4.10. The 

spectral evolution of the Cyt c at different delay time after the photo-excitation starting 

from 170 to 820 fs and 2.32 to 10.27 ps are shown in panel a and b respectively. In the 

panel a, the earliest spectrum at 170 fs exhibited strong ground state bleach band at ~409 

nm and an ESA at 375 and 420 nm. The decrease of bleach band and an increase of ESA 

with narrowing of spectral band-width along with shifting towards blue region were 

observed until ~2.0 ps. The intensity of both bleach and excited-state absorption decreases 

with an increase of the delay as shown in panel b and attained the equilibrium   
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Figure 4.10 FTAS of Cyt c at pH 7.4 upon excitation at 385 nm. The different delay 

times are given and the arrows indicate the spectral evolution.  
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Figure 4.11 FTAS of Cyt cCL complex having L/P ratio of 50 at pH 7.4 upon 

excitation at 385 nm. Inset shows the transient decay profile of Cyt c and Cyt c-CL 

complex probed at 419 nm. 
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within 20 ps. In Figure 4.11, the panel a and b depicts the spectral evolution of the Cyt 

cCL complex at different delay time after the photo-excitation starting from 200 fs to 1.0 

ps and 2.0 to 13.0 ps. The initial spectrum at 200 fs exhibited a strong bleach band at ~408 

nm and an ESA at 375 and 419 nm (panel a). As the delay time increase, a decrease of 

bleach band (408 nm) and an increase of ESA (419 nm) accompanied by a narrowing of 

spectral band-width and shifting towards blue region were observed until ~2.0 ps. In the 

longer delay times, the intensity of both the bleach and ESA decreased and attained back 

to the equilibrium within 20 ps. The spectral features of FTAS of Cyt cCL obtained by 

excitation at 385 nm are similar to that of native Cyt c. The transient decay profile of the 

Cyt c–CL complex and native Cyt c probed at 419 nm are similar to each other and found 

to be no significant changes in the dynamics (inset of Figure 4.11). The FTAS of Cyt 

cPOPG (Figure 4.12), CL+POPC (Figure 4.13) and POPC (Figure 4.14) obtained 

by exciting at 385 nm are similar to that of Cyt cCL. Transient absorption spectra of Cyt 

cliposome complexes were also measured upon excitation at 280 nm. The dynamics of 

Trp, heme and the tertiary structure of the protein in the partially unfolded form can be 

probed upon selective excitation at 280 nm. It is to be noted that heme will be excited 

indirectly through the FRET by the excitation of Trp at 280 nm. This will lead to the change 

in the Soret band bleach and heme electronic and vibrational relaxation processes. The 

femtosecond transient absorption spectra of Cytc upon exciting at 280 nm are shown in 

Figure 4.15. The spectral evolution of the Cyt c at different delay time after the photo-

excitation starting from 200 fs to 1.1 ps and 2.5 to 30.2 ps are shown in panel a and b 

respectively. The earliest spectrum at 200 fs exhibited a strong ground state bleach band at 

~408 nm and an ESA at 375 and 425 nm. The decrease of bleach band and an increase of 

ESA along with a narrowing of the spectral band-width and blue shifting were observed 

until ~2.2 ps. The intensity of both bleach  
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Figure 4.12 FTAS of Cyt cPOPG complex having L/P ratio of 50 upon excitation at 

385 nm.  
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Figure 4.13 FTAS of Cyt cCLPOPC) complex having L/P ratio upon excitation at 

385 nm.  
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and ESA decreased with an increase of the delay time. The FTAS of Cyt cCL, POPG, 

POPC and CL+POPC complexes obtained by exciting at 280 nm are shown in Figure 

4.16 and 4.17 and Figure 4.18 and 4.19 respectively. The spectral shapes and evolutions 

are similar to that of Cyt c. When compared to the 385 nm excitation, both the bleach and 

the ESA do not attain the equilibrium within 20 ps. To understand the influence of 

electrostatic interaction in the excited state relaxation dynamics of protein-liposome 

complexes, FTAS of the complexes were measured in 0.1M NaCl. The FTAS of Cyt 

cPOPG and Cyt c-POPC complexes with 0.1 M NaCl are shown in Figure 4.20 and 4.21 

upon excitation at 280 nm. The transient decay of Cyt cliposome complexes in the 

presence of 0.1M NaCl, are similar to that of the native Cyt c (Figure 4.30). 
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Figure 4.14 FTAS of Cyt cPOPC complex having L/P ratio of 50 upon excitation at  

385 nm.  
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Figure 4.15 FTAS of Cyt c upon excitation at 280 nm. The different delay times are 

given and the arrows indicate the spectral evolution.  
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Figure 4.16 FTAS of Cyt cCL complex having L/P ratio of 50 upon excitation at 280 

nm. The different delay times are given and the arrows show the spectral evolution.  
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Figure 4.17 FTAS of Cyt cPOPG complex having L/P ratio of 50 upon excitation at 

280 nm. The different delay times are given and the arrows show the spectral evolution.  
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Figure 4.18 FTAS of Cyt cPOPC complex having L/P ratio of 50 upon excitation at 

280 nm. The different delay times are given and the arrows show the spectral evolution.  
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Figure 4.19 FTAS of Cyt c(CLPOPC) complex having L/P ratio of 50 upon 

excitation at 280 nm. The different delay times are given and the arrows show the spectral 

evolution.  
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Figure 4.20 FTAS of Cyt cPOPG complex having L/P ratio of 50 with 0.1 M NaCl 

upon excitation at 280 nm. The different delay times are given and the arrows show the 

spectral evolution.   
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Figure 4.21 FTAS of Cyt c–POPC complex having L/P ratio of 50 with 0.1 M NaCl 

upon excitation at 280 nm. The different delay times are given and the arrows show the 

spectral evolution.  

 

4.3.5.1 Analysis of Transient Absorption Spectra 

FTAS of Cyt c and Cyt c-liposome complexes were analyzed by global analysis 

with a sequential decay model using the R package TIMP and its graphical user interface 

of GLOTARAN63. A heat map with colour representation is chosen to clearly picturise the 

whole spectral features. A comparative fit for the decay of ESA and GSB for Cyt c and 

Cyt c-CL complex upon excitation at 385 and 280 nm respectively is shown in Figure 4.22 

to 4.25 respectively. Four major time constants were obtained from the global exponential 

fit and the time constants are listed in Table 4.1 and 4.2 for 385 and 280 nm excitation 

respectively. The corresponding DAS for these four time constants are given in Figure 4.26 



Analysis of Transient Spectra   
 

106 

 

and 4.27 for 385 and 280 nm excitation wavelengths, respectively. The DAS are similar to 

each other and exhibited both the ESA and ground state bleach band.  

 

 

Figure 4.22 Heat map of the transient spectra (a) and time profile at ESA maximum (b) 

and GSB maxima (c) of Cyt c upon exciting at 385 nm. The open circles represent the 

experimental data and the solid line (blue) show the exponential fit and grey lines represents 

the residual obtained from global sequential analysis. 
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Figure 4.23 Heat map of the transient spectra (a) and time profile at ESA maximum (b) 

and GSB maxima (c) of Cyt c-CL upon exciting at 385 nm. The open circles represent the 

experimental data and the solid line (blue) show the exponential fit and grey lines represents 

the residual obtained from global sequential analysis. 
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Figure 4.24 Heat map of the transient spectra (a) and time profile at ESA maximum (b) 

and GSB maxima (c) of Cyt c upon excitation at 280 nm. The open circles represent the 

experimental data and the solid line (blue) show the exponential fit and grey lines represents 

the residual obtained from global sequential analysis. 
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Figure 4.25 Heat map of the transient spectra (a) and time profile at ESA maximum (b) 

and GSB maxima (c) of Cyt c-CL upon excitation at 280 nm. The open circles represent 

the experimental data and the solid line (blue) show the exponential fit and grey lines 

represents the residual obtained from global sequential analysis. 

 

4.3.5.2 Effect of Excitation Wavelength 

Excitation at 385 nm: The time constants obtained from global analysis for the native 

ferric Cyt c at pH 7.4 are 1= 148 ± 50 fs, 2 = 666 ± 100 fs, 3= 3.72 ± 0.30 ps and 4 = 

10.11 ± 1.0 ps and is consistent with the literatures.64-67 It was observed that in ferric Cyt 

c, the IC occurs within hundreds of femtoseconds.65-66 In the DAS, the 1 exhibited ESA 

and GSB at the corresponding absorption maximum. Therefore, the time constant 1 is 
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attributed to an excited-state decay of the heme to the ground state. Immediately after the 

IC, the heme in the hot ground state undergoes vibrational energy dissipation via multiple 

exponential pathways in the fast time scale. The shifting of the ESA towards the blue region 

with narrowing of the spectral band with increase of delay time confirmed the occurrence 

of the VC dynamics68 with multiple exponential time constants in the transient spectra. 

Hence, the time constants 2, 3 and 4 are attributed to the various degrees of VR dynamics 

of the heme in the ground-state. In the native Cyt c the fast and slow exponential 

components are due to the vibrational energy transfer via the coupling between heme and 

collective motions of the protein primarily through covalent bonds.69 The excited-state 

relaxation dynamics of the heme in the liposomes upon excitation at 385 nm, did not 

exhibited any significant changes when compared to that of native Cyt c. It reflect an intact 

heme environment and it could be due to the replacement of Met80 by either His33 or 

His2632, 70 in the partially unfolded thermodynamic intermediate ground state. A Similar 

relaxation behaviour was reported for both the ferric and ferrous Cyt c with comparable 

vibrational relaxation time constants.69 
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Table 4.1 Time constants obtained by global analysis for different Cyt cliposome complexes having L/P ratio of 50 for 385 nm excitation. 

 

Sample Cyt c Cyt c  CL Cyt c  POPG Cyt c POPC Cyt c  

(CL+POPC) 

 
  ps

ps 

ps 

 ps

  ps

ps 

ps 

 ps  

  ps

ps 

ps 

 ps 

1 = 0.14  ps 

2 = 0.66  ps 

3 = 3.25  ps 

4 = 10.25  ps 

1 = 0.14  10 ps 

ps 

2 = 3.43  ps  

3 = 10.34  ps 
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Table 4.2 Time constants obtained by global analysis for Cyt c- liposome complex having L/P ratio of 50 for 280 nm excitation. 

 

Sample Cyt c Cyt c CL Cyt c POPG Cyt c POPC Cyt c  

(CL+POPC) 

 

Absence 

of salt 

ps

ps

ps

 ps

ps

 ps

ps

ps 

ps

ps

ps

 ps 

1 = 0.29  ps 

2 = 0.98  ps 

3 = 3.91  ps 

4 = 14.00  ps 

1 = 0.34  ps 

2 = 2.01  ps 

3 = 5.09  ps 

4 = 22.50  ps 

 

Presence 

of salt 

 ps

 ps

 ps 

 ps

 

1 = 0.22 ps 

2 = 0.83 ps 

3 = 3.00  ps 

4 = 8.90  ps 

ps

ps

ps

 ps 

1 = 0.28 ± 0.15 ps

2 = 0.90 ± 0.14 ps 

3 = 3.85 ± 0.20 ps 

4 = 13.65 ± 1.10 ps 

ps

ps

ps

 ps 
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Figure 4.26 DAS of Cyt c and Cyt c–liposome complexes obtained from global analysis 

upon excitation at 385 nm. 

 

Excitation at 280 nm: The dynamics of Trp, heme and tertiary structures associated with 

the partially unfolded form of the protein in the liposome was probed by the selective 

excitation of Trp at 280 nm. The time constants of Cyt c obtained from global analysis 

upon excitation at 280 nm are 1= 230 ±100 fs, 2 = 840 ± 120 fs, 3 = 3.16 ± 0.5 ps, and 4 

= 8.50 ± 1.2 ps. The time constant 1 is ascribed to the excited state decay of heme, similar 

to the case of 385 nm excitation. It was observed that the fluorescence intensity of the native 

protein is efficiently quenched by the FRET from the excited Trp to the porphyrin ring of 

the heme group.71-72 The time constant of 2 is attributed to the excited-state lifetime of 

Trp.67 The 3 and 4 are assigned to the VR time constants. The increase of the rate of IC 

(1) of the heme in CL and POPG complexes reflected the slower electronic decay of the 

heme in the liposomes (Table 4.2).    
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Figure 4.27 DAS of Cyt c and Cyt c–liposome complexes obtained from global analysis 

upon excitation at 280 nm. 

 

A systematic increase of the time constant,2 for Cyt cPOPC (0.98 ps), POPG (1.95 

ps), (CL+ POPC) (2.01 ps) andCL (2.35 ps) complexes with an increase of anionic 

charges of the liposomes were observed when compared to native Cyt c.This reveals a 

regular extent of the partial unfolding of Cyt c leading to an increased distance between 

Trp and heme reducing the FRET from Trp to heme. The time constant 3 was also 

increased in Cyt cliposome complexes when compared to the native Cyt c. Remarkably, 

with an increase of anionic charges in the liposomes, a long-lived component 4 was 

observed for Cyt cPOPG, CLPOPC) andCL complexes reflecting the global 

conformational change related to the tertiary structure by unfolding of Cyt c induced by 

liposomes. It is to be noted that, when compared to the completely unfolded protein by the 

addition of 4 M GdHCl64, the time constant 4 obtained for Cyt cliposome complexes is 
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shorter reflecting that the Cyt c in the liposome complexes is partially unfolded and 

conformational structures remain in an intermediate state between completely unfolded and 

native folded states. 

In order to shed more light on the FRET process occurring from Trp to heme,  the 

FTAS of Cyt cCL complex at different L/P ratio have been measured upon excitation at 

280 nm with different L/P ratio. The comparison of the magnitude of the heme bleach (probe 

= 409 nm) with an increase of L/P ratio is compared and shown in Figure 4.28. A 

systematic decrease of the magnitude of the heme bleach is observed upon increasing the 

L/P ratio when compared to the native Cyt c. This reveals the occurrence of various degrees 

of unfolding of Cyt c leading to an increased distance between heme and Trp. The time 

constants obtained for Cyt cCL complexes with various L/P ratios are shown in Table 

4.3. Compared to the native protein, the excited-state lifetime of Trp, 2 (~840 fs) is 

increased to ~ 4.48 ps for the Cyt c-CL complex having the L/P ratio of 75. This confirms 

the decrease of efficiency of FRET as the distance between Trp and heme increased from 

~10 to 25 Å58-59 with increase of partial unfolding of the proteins in the presence of 

liposomes. The correlation between the increases of fluorescence intensity with increase of 

lifetime of Trp of various Cyt c-liposome complexes having L/P ratio of 50 is shown in 

Figure 4.29. An increase of the degree of unfolding of Cyt c is observed upon increase of 

anionic charge of the phospholipids, 

4.3.5.3 Effect of Ionic Strength 

The FTAS of Cyt cliposome complexes were measured upon excitation at 280 nm 

by adding 0.1 M NaCl to understand the effect of ionic strength on the unfolding dynamics 

of the protein, The transient kinetic profiles of Cyt c and Cyt cliposome complexes probed 

at the ESA maximum (425 nm) are shown in Figure 4.30 with and without 0.1 M NaCl. 

The time constants obtained upon excitation at 280 nm for different  
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Figure 4.28 Femtosecond transient absorption decay of Cyt cCL complexes with 

different L/P ratio probed at 409 nm by excitation at 280 nm. 
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Figure 4.29 Correlation between the fluorescence intensity and lifetime of Trp for all the 

complexes having L/P ratio of 50. 

 

Cyt cliposome complexes in the presence of NaCl are also given in Table 4.2. In the 

presence of 0.1 M NaCl the dynamics are recovered back and similar to that of native Cyt 

c (Figure 4.30) reflecting the refolding of the partially unfolded Cyt c in the Cyt cCL, 

CytcCL+POPC) and Cyt cPOPG complexes in the presence of NaCl. In addition it 

reveals that the charges of the phosphate group of lipids are essential in the Cyt cliposome 

interaction and confirming the existence of electrostatic nature of interaction between Cyt 

c and negatively charged liposomes. However in the case of Cyt c POPC complex, the 

dynamics are not changed by adding NaCl indicating the presence of weak hydrophobic 

interaction between Cyt c and POPC.  
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Table 4.3 Time constants obtained by global analysis using for Cyt c- CL complex having 

different L/P ratio upon excitation at 280 nm. 

 

Cyt c 

( L/P :0) 

 

 

Cyt cCL  

( L/P :10) 

 

 

Cyt cCL  

( L/P :25) 

 

 

Cyt cCL 

( L/P :50) 

 

 

Cyt cCL  

 ( L/P :75) 

 



1 = 0.23   ps 

2 = 0.84 ps 

3 = 3.16 ps 

4 = 8.30 ps 

 



1 = 0.27 ps 

2 = 0.90 ps 

3 = 3.94 ps 

4 = 10.02 ps 

 



1 = 0.31 ps 

2 = 1.77 ps 

3 = 4.89 ps 

4 = 18.23 ps 

 



1 = 0.38 ps 

2 = 2.35 ps 

3 = 5.49 ps 

4 = 26.50 ps 

 


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Figure 4.30 Comparison of time profile of Cyt c with Cyt cCL (a), Cyt cPOPG (b), 

Cyt cPOPC (c) and Cyt c (CL+ POPC) (d) complexes having L/P ratio of 50 with and 

without 0.1 M NaCl in 25 mM HEPES buffer at pH 7.4 probed at 425 nm. Open circle 

depicts the experimental data and solid line represents the four-exponential fit obtained 

from global analysis with sequential model. 

4.4 Conclusion 

The interaction dynamics between the heme protein, Cyt c and various liposomes 

were investigated with steady state and time resolved optical spectroscopy by 

systematically increasing the anionic charge in the liposome. The excited state relaxation 

dynamics of heme in liposomes upon excitation at 385 nm were found to be similar to the 

native form reflecting that the heme environment is stabilized by the exchange of Met80 

with other ligands (His33/26)32, 70. The FTAS of the complexes obtained upon excitation at 
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280 nm, where Trp is selectively excited, showed an increase of excited state relaxation 

dynamics due to decrease of efficient FRET with increase of anionic charge of the lipid. 

Trp acted as an important probe to understand the dynamics of partial unfolding associated 

with the change in the axial ligand interaction and tertiary structure of Cyt c in liposomes. 

It is observed that the extent of partial unfolding mainly depends on the charges of the lipids 

and the refolding of the protein in the presence of 0.1 M NaCl suggests the importance of 

electrostatic interaction between Cyt c and liposomes. 

4.5 Materials and Methods 

Sample Preparation:  Horse heart Cyt c was obtained from Sigma Aldrich. In order to 

completely remove any ferrous form present in the protein solution, potassium ferricyanide 

was added to the sample and was then passed through a Sephadex G-25 column to remove 

any remaining oxidizing agents and impurities. POPG, POPC and bovine heart CL and 4-

(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) were purchased from Sigma 

Aldrich and used without further purification. The lipids were dissolved in a 2:1 

chloroform/methanol mixture. The solvent was removed by drying under the nitrogen 

atmosphere until a uniform thin, dry lipid film was formed. The film was kept in a vacuum 

desiccator overnight. The lipid film was then rehydrated with 25 mM HEPES buffer (pH 

7.4) to obtain the desired concentration. The solution was then sonicated in an ice bath for 

two hours. The solution was centrifuged for 45 minutes at 13,000 rpm to remove all the 

impurities. The supernatant was then allowed to stabilize overnight. Different Cyt 

cliposome mixtures were prepared by varying the concentration of liposome. 
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Chapter 5 

Interaction Dynamics of Hematin with Antimalarial 

Drugs: An Ultrafast Investigation  
 

 

 

 

5.1 Abstract 

The malaria parasite digests host erythrocyte Hb and produce free heme during the 

intraerythrocytic stage of its lifecycle. As free heme is toxic to the parasite, it will be 

converted into hemozoin by crystallization. The antimalarial drug is used to prevent the 

crystallization by binding with heme. Recently the scientific community is actively 

exploring the efficacy of the antimalarial drug, hydroxyl chloroquine for the treatment of 

COVID19, caused by a novel coronavirus, SARSCoV2. As the malaria parasite, the 

viral protein attacks the Hb and degrades the protein into heme and amino acids. Hence  
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the understanding of the underlying mechanism of the interaction dynamics between the 

heme and antimalarial drugs are important for the design of new drugs for malaria as well 

as COVID19. Here the interaction dynamics between the Hematin and antimalarial drugs 

including chloroquine (CQ) and mefloquine (MFQ) have been investigated in pH 5.5 and 

7.0 using steadystate and timeresolved absorption and emission spectroscopy. The 

observation of quenching of fluorescence and no significant changes in the fluorescence 

lifetime of CQ with increasing concentration of Hematin indicates the formation of a 

groundstate complex. The transient absorption spectra of the complex showed the 

formation of radical cation of porphyrin at ~640 nm and signature of formation of low spin 

state of iron during ~ 450 fs. It is inferred that the relaxation pathway to the ground state 

comprises predominantly the involvement of multiple electronic spin states rather than the 

vibrational relaxation process based on spectral signature and global analysis. The longer 

relaxation dynamics of the complex compared to the Hematin reveals the stabilization of 

the complex by noncovalent interaction between the Hematin and drug leading to prevent 

the formation of hemozoin. 

5.2 Introduction 

 Malaria1 is one of the most deadliest disease caused by the infection of Plasmodium 

species and spread by female anopheles mosquitos. There are six species of the genus 

Plasmodium infecting human and among which Plasmodium falciparum1 caused most of 

the malaria death and severe disease. According to the World Health Organization, it infects 

over 200 million people and caused 430,000 deaths worldwide in 2017.2 During the blood 

stage of the malaria infection, the Plasmodium species utilizes Hb as its main nutrient 

source. The complex life cycle3 of malaria parasite in the human is shown in Figure 5.1. It 

undergoes two development stages where it reproduces sexually in mosquitoes and 

asexually in vertebrates. During the blood meal, an infected mosquito injects sporozoites 
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into the host blood. Then the sporozoites travel to the liver of the host, where it enters into 

liver cells or hepatocytes. 

 

Figure 5.1 Life cycle of the malaria parasite showing the various stages in human body. 

The Figure is copied from Ref. 1. 

 

The parasites then release merozoites into the blood stream and begin asexual reproduction 

in red blood cells (RBC). During this stage, the parasites digest a large amount of the host’s 

Hb for the amino acids4 leading to an excess of free heme, ferroprotoporphyrin 

(Fe(IIPPIX), which is toxic to the parasite.5 The parasites oxidize  

the Fe(IIPPIX to Fe(IIIPPIX undergoing dimerization and crystallization leading to form 

an insoluble byproduct known as hemozoin or malarial pigment.6-7 It undergoes 

multiplication in the RBC and conversion into the sexual stages8 and infects mosquitoes to 

begin the cycle again. 

A variety of spectroscopy has been used to characterize the structure of hemozoin 

and believed to be a coordination polymer.9-13 Pagola et al.7 determined the crystal structure 

of hemozoin consisting of Hematin dimers, where propionate group of each heme unit 

coordinated to the iron center of an adjacent heme moiety and the second propionate group 

coordinated to the propionic acid side chain of the heme in another   



Introduction 

128 

 

dimer through hydrogen bonding (Figure 5.2). Various crystallographic and spectroscopic 

analysis indicated that the crystal structure of hemozoin is similar to that of a synthetic 

biomineral, βHematin.14 In  βHematin,  the propionate side chain of one Hematin 

coordinated to the iron center of the other and form Hematin dimer.15 Though the structure 

of hemozoin is known, the mechanism of its formation remains unclear.13, 16-17 The 

molecular structure of βHematin was resolved at the single atom level7 in which Fe atom 

exists in a ferric high spin state.15 

 

Figure 5.2 Chemical structure of hemozoin solved from powder Xray diffraction. 

Figure is reproduced from Ref. 7.  

 

5.2.1 Antimalarial Drugs 

 The treatment of malaria was difficult for several centuries until quinine (QN) had 

been isolated. It was obtained from the tree bark by purification and was used as an effective 

drug against malaria.18 Later QN was replaced by CQ (Figure 5.3) as it has similar 

structure and lower toxicity.19 Subsequently based on the QN structure various antimalarial 

drugs such as primaquine, mefloquine, etc. were discovered (Figure 5.3).20 CQ and 

amodiaquine are 4aminoquinolines based drugs. The main action of these drugs occurs 

inside the parasite lysosome and inhibit the parasite enzyme heme polymerase and  
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thus protects the host’s heme from being converted to hemozoin.21 Primaquine is a 

derivative of 8aminoquinoline and the mechanism of primaquine’s antimalarial activity  

is not clear. It is believed that its antimalarial activity is due to interference with the 

parasite's DNA structure and the disruption of parasite’s mitochondrial membranes and 

causing oxidative damage to the cell by the generation of ROS.22 Mefloquine (MFQ) is an 

arylaminoalcohol based antimalarial drug developed during 1970s and having blood 

schizonticidal properties.23  

 

 

Figure 5.3 Chemical structures of common quinoline antimalarial drugs.  

5.2.2 Hematin Dimers 

In 1947, Clarke and Shack observed that heme exhibited complex behaviour in 

aqueous solution.24 Further, in 1970, the spectrophotometric study on aqueous solutions of 

Fe(III)PPIX by Brown, Dean, and Jones showed marked changes in the Soret band with 

increase of concentration. Upon increase of concentration the broadening of Soret band was 

observed and assigned to the formation of aggregation called as a μoxo dimer.25-27 Later, 

in 1975, O’Keeffe et al.28 synthesized and isolated μoxo dimers and   
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characterized by 1H NMR, and UVVis absorption spectroscopy. In μoxo dimers, there 

is a linkage between Fe(III) and oxygen. The chemical structure of Hematin μoxo dimer 

is shown in Figure 5.4 III. In 2009, Egan et al.29 reported that the UVVis absorption 

spectrum of Hematin in 40% (v/v) aqueous DMSO at pH 10 closely resembles the μoxo 

dimer reported by O’Keeffe et al.28 Whereas, in aqueous MeOH at pH 10, the UVVis 

spectrum was different from that in aqueous DMSO and showed similarity to that of ππ 

dimer (Figure 5.4 II) in which two heme units with the H2O/OH axial ligands directed 

outward.30  

 

Figure 5.4 Different forms of Hematin in aqueous and mixed aqueous solution along 

with characteristic UVVis absorption spectra, diffusion coefficients and magnetic 

moments. Figure is copied from Ref. 29.   
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Thus the ππ dimer will not form higher aggregates in aqueous solution.26 In the high salt 

concentrations, large numbers of aggregates of the μoxo dimers (Figure 5.4 IV) were 

formed.27, 29  

5.2.3 Interaction of Antimalarial Drugs with Hematin 

 The antimalarial activity of several types of drugs including CQ is based on the 

inhibition of crystallization of Hematin to hemozoin.31-33 It was observed that 

4aminoquinoline moiety of CQ and related antimalarial drugs are important in forming 

complex with free heme.34-35 The complex formation between CQ and Hematin, was first 

reported by Cohen et al. 36 in 1960. UVVis37, NMR38, Mössbauer spectroscopy39 and 

equilibrium dialysis experiments provided substantial evidence for the formation of 

complex between CQ and Hematin. NMR spectroscopy was used as a major tool for 

investigating the binding interaction quinoline drugs such as CQ, QN and QD with both 

Fe(III)PPIX and Fe(III) uroporphyrin.38, 40-41 NMR spectra of quinoline antimalarials were 

strongly affected in the presence of paramagnetic Fe(III)PPIX and resulted paramagnetic 

shifts in the NMR spectra.41 Fitch42 and coworkers reported the  equilibrium constant for 

Fe(III)PPIX–CQ interaction for the first time using equilibrium dialysis and obtained an 

association constant of 8.5 and a CQ:Fe(III)PPIX ratio of 1:2. Villiers et al.43 provided the 

crystal structure of Fe(III)PPIX with an antimalarial halofantrine for the first time and 

observed that the hydroxyl group of the drug was coordinated to the Fe(III) center of the 

heme monomer. Whereas the phenanthrene group of the drug interacted with the porphyrin 

through πstacking and propionate group of heme formed hydrogen bonding with 

protonated nitrogen of the drug. In 2017, Vekilov et al.44 investigated the interaction of five 

antimalarial drugs QN, CQ, pyronaridine (PY), amodiaquine (AQ), MFQ, and artemisinin 

(ART) with Hematin crystal using timeresolved in situ atomic force microscopy (AFM) 

to understand the Hematin growth inhibition by the drugs.  
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They observed that the drugs specifically interact with the growing edge of the βHematin 

crystals through  three distinct modes of action namely step pinning, kink blocking, and 

step bunch induction. The reduction of nucleation of new layers (J2D) and velocity of 

advancing steps ( with increasing drug concentration (Figure 5.5) suggested that the 

drugs inhibit 2D nucleation of new layers and step motion by a steppinning mechanism.  

 

Figure 5.5 The structures of QN, CQ, and PY (A). A decrease in the J2D relative to that 

in the absence of any drug, J2D,0, with increasing drug concentration (B) and a decrease in 

step velocity relative to that in the absence of any drug, with increasing drug concentration 

(C). The Figure is copied from Ref. 44. 

 

In 2010 Crespo et al.45 proposed that Hematin forms a cofacial sandwich complex with 

CQ in 2:1 ratio by preventing crystallization of hemozoin. Recently, Cheng et al.46 used 

femtosecond pumpprobe transient absorption microscopy to selectively image 

βHematin in RBC. They quantitatively analyzed the amount of hemozoin at different 

infection stages in RBCs by singleshot transient absorption imaging. They found that 

βHematin exhibited significantly higher transient absorption intensity than RBC (Figure 

5.6 (c)). Upon selective excitation at 520 nm, the βHematin showed distinctively slower 

decay dynamics than RBC as shown in Figure 5.6. Hence, the transient decay could help 

as a spectroscopic signature to distinguish the βHematin   
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Figure 5.6 SEM image of the synthesized βHematin (a) and Raman spectrum of 

βHematin at laser wavelength of 785 nm (b). Timeresolved pump–probe images of 

βHematin and RBC mixture at pump wavelength 520 and 680 nm (c). βHematin is 

artificially coloured green and RBCs in red. The kinetics of both βHematin and RBC are 

also shown. The Figure is copied from Ref. 46. 

 

from RBCs. Another approach for imaging the heme in live cells is based on the fact that 

heme enhances the FRET process of the fluorophores.47-48 The resistance of malaria 

parasites to the multidrug demands a great need for the design of novel, inexpensive and 

effective antimalarial drugs. Importantly, the viral protein of SARSCoV2 which is 

spreading the respiratory disease COVID19, attacks the Hb similar to the malaria parasite. 

Hence the understanding of the underlying mechanism of the interaction dynamics between 

the heme and antimalarial drugs is important for the design of new drugs for malaria as 

well as COVID19.  

Here the interaction dynamics between the Hematin (Figure 5.7) and antimalarial 

drugs CQ and MFQ (Figure 5.3) have been investigated in pH 5.5 and 7.0 using 

steadystate and timeresolved absorption and emission spectroscopy. The observation of 

quenching of fluorescence and no significant changes in the fluorescence lifetime of CQ 
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with increasing concentration of Hematin indicated the formation of a ground state 

complex. The transient absorption spectra of the complex showed the formation of radical  

cation of porphyrin at ~640 nm and formation of low spin state of iron atom in the 

excitedstate. The relaxation pathway to the ground state comprised predominantly the

 

Figure 5.7 Chemical structure of Hematin. 

involvement of multiple electronic spin states rather than the vibrational relaxation process. 

The longer relaxation dynamics of the complex compared to the Hematin reveals the 

stabilization of the complex by noncovalent interaction between the  

Hematin and drug leading to prevent the formation of hemozoin. These basic insights 

could help to develop antimalarial drugs that can overcome the parasite resistance. 

5.3 Results and Discussion 

5.3.1 Stationary Absorption Spectra 

The steadystate absorption spectra of Hematin and Hematin–CQ complex 

having a ratio of 2:1 were measured at pH 5.5 and pH 7.0 and shown in Figure 5.8. 

Hematin exhibited an absorption maximum at around 390 nm with a shoulder around 358 

nm where the degeneracy of Soret absorption band is broken by excitonic coupling in the 

ground state by the formation of the ππ dimer of Hematin with H2O/OH as the axial  
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Figure 5.8 Steadystate absorption spectra of HematinCQ complex (2:1) at pH 5.5 (a) 

and pH 7.0 (b) at room temperature. Absorption spectra of Hematin (red), CQ (blue) are 

also shown. 
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Figure 5.9 Steadystate absorption spectra of HematinMFQ complex (2:1) at pH 5.5 

(a) and pH 7.0 (b) at room temperature. Absorption spectra of Hematin (red) and MFQ 

(blue) are also shown. 
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ligand. 29 It showed a characteristic CT absorption band at ~ 610 nm similar to that of Mb 

and Hb having the Fe atom in high spin state. Upon addition of CQ, the decrease of 

absorbance, shifting of maximum to 391 (393) nm in pH 5.5 (7.0), and appearance of a 

peak at around 340 nm due to CQ revealed the formation of a ground state complex. The  

absorption spectra of Hematin was also measured upon addition of MFQ at pH 5.5 and 

7.0 exhibiting the decrease of absorbance and shifting of maximum to 390 (391) nm in pH 

5.5 (7.0) (Figure 5.9). 

5.3.2 Fluorescence Spectra 

It is known that Hematin is nonemissive either from the B and Q states or from 

the CT state as the fluorescence lifetimes of the metalloporphyrins are shorter due to the 

electron transfer from the porphyrin macrocyclic ring to the metal iron atom. The 

fluorescence spectra of CQ were measured upon addition of Hematin. The fluorescence 

intensity of CQ in pH 5.5 is lesser compared to that of pH 7 for a particular concentration 

as the fluorescence quantum yields of CQ vary with pH.49-50 The systematic decrease of 

fluorescence intensity of CQ was observed with increase of concentration of Hematin in 

both the pH (Figure 5.10).  

 

 

Figure 5.10 Fluorescence spectra of HematinCQ at pH 5.5 (a), and pH 7.0 (b) at room 

temperature. Inset: fluorescence kinetic profiles upon exciting at 330 nm.  
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SternVolmer plot (Figure 5.11) of fluorescence quenching of CQ with increase of 

concentration of Hematin shows a nonlinear behaviour (positive deviation) suggesting the 

existence of more than one heme binding site per drug molecule.51 KSV is the Stern

Volmer quenching constant obtained from the equation F0/F = 1 + KSV  [Hematin] and 

found to be 3.00  105 and 1.82  106 M1 at pH 5.5 and 7.0 respectively.  

  

Figure 5.11 SternVolmer plot of quenching of fluorescence of CQ by Hematin at pH 

5.5 (a) and 7.0 (b).  

 

The fluorescence lifetime of CQ and HematinCQ complexes were measured 

upon excitation at 330 nm using a nanosecond LED source. The fluorescence kinetic profile 

of HematinCQ complex at pH 5.5 and 7.0 probed at the emission maxima are shown in 

the inset of Figure 5.10. The fluorescence lifetime of CQ alone at pH 7.0 were found to be 

1 = 0.07 ns (20.63%), = 2.45 ns (79.37%), attributed to the biprotonated and 

monoprotonated species.52 Whereas at pH 5.5, it showed single exponential time constant 

of 0.08 ns consistent with the literature.53 Upon addition of Hematin, no significant 

changes in the fluorescence lifetime of CQ were observed. The decrease of fluorescence 

intensity without change in the fluorescence lifetime upon addition of Hematin indicates 

the occurrence of static quenching by the formation of a ground state complex between 

Hematin and CQ. Since the fluorescence quantum yield of MFQ.  
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(0.017)50 is lower than the CQ (0.17)49, the quenching of fluorescence intensity of MFQ 

upon addition of Hematin was difficult to observe. 

5.3.3 Femtosecond Transient Absorption Spectra 

The femtosecond timeresolved transient absorption spectra ΔA (λ, t) of Hematin 

at pH 5.5 and 7.0 upon excitation at 385 nm were measured and shown in Figure 5.12 and 

5.13. The panel a of Figure 5.12 depicts the spectral evolution of the Hematin at various 

time delays after the photoexcitation starting from 0 to 1.0 ps. The spectrum at 0.2 ps is 

dominated by a bleach band at ∼390 nm due to the depopulation of the ground state, which 

is not seen clearly due to the scattering of laser excitation, and an ESA at 415 to 570 nm.  
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Figure 5.12 FTAS of Hematin at pH 5.5 obtained upon excitation at 385 nm. The 

different delay times are given and the arrows show the spectral evolution. The steadystate 

absorption spectrum is also shown (dotted blue line). 

 

In the shorter time scales, when the delay time is increased to 1.0 ps, the decrease of the 

bleach band and an increase of ESA along with a narrowing of spectral bandwidth and 
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shifting toward blue region are observed indicating the occurrence vibrational cooling 

process in the Hematin during relaxation dynamics. In panel b, when the delay time 

increased from 2.6 to 16.5 ps, the overall spectral intensity is decreased. In the case of pH 

7.0 (Figure 5.13), the spectral features of FTAS of the Hematin is similar to that of at pH 

5.5. The FTAS of the Hematin upon complexation with CQ and MFQ (2:1) at pH 5.5 and 

7.0 were measured by exciting at 385 nm and shown in Figure 5.13 to 5.17. It is observed 

that the spectral evolution of the complexes at both pH are identical to that of Hematin. 

However the excitedstate relaxation dynamics of Hematin are longer upon complexation 

with CQ compared to MFQ. 
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Figure 5.13 FTAS of Hematin at pH 7.0 obtained upon excitation at 385 nm. The 

steadystate absorption spectrum is also shown (dotted blue line). 
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Figure 5.14 FTAS spectra of HematinCQ complex at pH 5.5 obtained upon excitation 

at 385 nm. The steadystate absorption spectrum is also shown (dotted blue line). 
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Figure 5.15 FTAS of HematinCQ complex at pH 7.0 obtained upon excitation at 385 

nm. The steadystate absorption spectrum is also shown (dotted blue line). 
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Figure 5.16 FTAS of HematinMFQ complex at pH 5.5 obtained upon excitation at 

385 nm. The stationary absorption spectrum is also shown (dotted blue line) 
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Figure 5.17 FTAS of HematinMFQ complex at pH 7.0 obtained upon excitation at 

385 nm. The steadystate absorption spectrum is also shown (dotted blue line)  
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5.3.3.1 Analysis of Femtosecond Transient Absorption Spectra 

 The analysis of FTAS of Hematin and Hematindrug complexe was 

performed with the R package TIMP and its graphical user interface of GLOTARAN54 with 

sequential model. All the FTAS is compensated for chirp of the white light by determining 

the time zero using coherent artifact observed in the solvent. In order to estimate the number 

of kinetic parameters, SVD was performed before global analysis. Four exponential 

components were optimally obtained for Hematin and Hematindrug complexes for both 

pH and the time constants are shown in Table 5.1. The heat map of FTAS, time profile and 

exponential fit at maxima of GSB and ESA along with residual obtained from global 

sequential analysis of Hematin and Hematin-CQ complex at pH 5.5 and pH 7.0 are shown 

in Figure 5.18 to 5.21. The DAS of the corresponding time constants are shown in Figure 

5.22 and 5.23 and it displayed the common features of transient absorption spectra. It is 

observed from the Table 5.1 that all the time constants of Hematin–CQ complex at pH 5.5 

are longer than that of the complex at pH 7.0 which is longer than that of the Hematin 

alone. Whereas the time constants of HematinMFQ are similar to that of Hematin. The 

time profile of Hematin, HematinCQ and HematinMFQ complex at pH 5.5 and 7.0 

probed at the ESA maximum (420 nm) along with global fit are shown in Figure 5.24 and 

5.25 for comparison. 
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Figure 5.18 Heat map of FTAS of Hematin at pH 5.5 as a function of time delay 

(vertical) and probe wavelength (horizontal) in 70 ps time window upon excitation at 385 

nm (a). The time profile at ESA maximum (b) and GSB maximum (c) (open circles) along 

with four-exponential fit (solid line) and residual (ash coloured solid line, lower panel). 

obtained from global analysis. 
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Figure 5.19 Heat map of FTAS of Hematin-CQ at pH 5.5 as a function of time delay 

(vertical) and probe wavelength (horizontal) in 70 ps time window upon excitation at 385 

nm (a). The time profile at ESA maximum (b) and GSB maximum (c) (open circles) along 

with four-exponential fit (solid line) and residual (ash coloured solid line, lower panel). 

obtained from global analysis. 
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Figure 5.20 Heat map of FTAS of Hematin at pH 7.0 as a function of time delay 

(vertical) and probe wavelength (horizontal) in 70 ps time window upon excitation at 385 

nm (a). The time profile at ESA maximum (b) and GSB maximum (c) (open circles) along 

with four-exponential fit (solid line) and residual (ash coloured solid line, lower panel). 

obtained from global analysis. 
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Figure 5.21 Heat map of FTAS of Hematin-CQ at pH 7.0 as a function of time delay 

(vertical) and probe wavelength (horizontal) in 70 ps time window upon excitation at 385 

nm (a). The time profile at ESA maximum (b) and GSB maximum (c) (open circles) along 

with four-exponential fit (solid line) and residual (ash coloured solid line, lower panel). 

obtained from global analysis. 
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Table 5.1 Time constants obtained by global analysis using for Hematin and 

Hematindrug complexes at 385 nm excitation. 

Sample Hematin HematinCQ (2:1) HematinMFQ 

(2:1) 

pH 5.5 1=  0.10 ± 0.10 ps 

 2= 0.48 ± 0.12 ps 

 3= 2.80 ± 0.50 ps 

 4 = 5.92 ± 1.20 ps 

 1 = 1.00 ± 0.05 ps 

 2 = 3.20 ± 0.50 ps 

 3 = 8.02 ± 0.20 ps 

 4 = 45.58 ± 1.10 ps 

 1 = 0.13 ± 0.10 ps 

 2 = 0.61 ± 0.50 ps 

 3 = 2.54 ± 0.30 ps  

 4 = 6.58 ± 1.20 ps 

pH 7.0  1=  0.11 ± 0.10 ps  

 2= 0.42 ± 0.03 ps 

 3= 2.60 ± 0.25 ps 

 4 = 6.50 ± 1.00 ps 

 1 = 0.15 ± 0.2ps 

 2 = 0.82 ± 0.05 ps 

 3 = 4.14 ± 0.50 ps 

 4 = 12.90 ± 1.00 ps 

 1 = 0.12 ± 0.04 ps 

 2 = 0.51 ± 0.03 ps 

 3 = 2.74 ± 0.20 ps  

 4 = 8.79 ± 1.10 ps 
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Figure 5.22 DAS of Hematin (a), HematinCQ and HematinMFQ at pH 5.5 

obtained from global analysis. 
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Figure 5.23 DAS of Hematin (a), HematinCQ and HematinMFQ at pH 7.0 

obtained from global analysis.  
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5.3.3.2 Signature of Vibrational Cooling Dynamics 

The excitedstate relaxation dynamics of Hematin, after the ultrafast excitation 

follow the similar relaxation pathway observed in HeminCl (chapter 2). The relaxation 

dynamics comprised of the sequential steps of LMCT, dd transition of Fe atom and 

vibrational relaxation.55-58 The shifting of the ESA band of Hematin towards the blue 

region along with narrowing of the spectral width upon increasing the delay time in the 

picosecond range58 indicates the occurrence of vibrational cooling dynamics in the transient 

absorption spectra. Alternatively, the possibility of ground state recovery by back electron 

transfer (MLCT) was calculated by determining the ratio between the areas of the complete 

Soret band region of the stationary and transient absorption spectra (Table 5.2). It is 

observed that ∼50 ± 5% of excited molecules of Hematin at pH 5.5 and 7.0 decay to the 

hot electronic ground state directly, indicating the strong signature of vibrational relaxation 

in the excitedstate dynamics. Whereas in the case of HematinCQ complex, the ground 

state recovery (∼37 ± 5%) is less than that of Hematin reflecting that the ground state is 

recovering preferably through the involvement of a different pathway along with 

vibrational cooling. In the case of HematinMFQ complex, the recovery ratio is similar 

to that of Hematin in both the pH. 

5.3.3.3 Involvement of Multiple Electronic Spin States 

As in the case of heme model compounds, signature of the involvement of multiple 

electronic spin state of the iron atom in the relaxation dynamics of Hematin and 

Hematindrug complexes are observed. The appearance of a new peak  at around 525 nm 

after ∼400 fs in the Qband region in the transient absorption spectra reflects the 

involvement of a ferrous iron in the relaxation dynamics (Figure 5.26 and 5.27).58 The 

transient absorption spectra at the Qband region with doublet features having peaks at ∼ 

525 and 560 nm resemble the groundstate absorption spectra of the low spin ferrous form 
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of Hemin (Figure 5.26). Hence the involvement of different electronic spin states along 

with the vibrational cooling dynamics is proposed in the excitedstate relaxation dynamics 

of Hematin. The detailed discussion of the four time constants for Hematin and 

Hematindrug complexes based on spectral evolution and literature55-56, 58-60 are given 

below.  

τ1 ∼ LMCT: The time constant τ1, ~100 fs is assigned to the LMCT process as it is 

supported by the observation of the broad peak around 660 nm consistent with the 

formation of a porphyrin cation in the transient absorption spectra of Hematin and 

Hematindrug complexes (Figure 5.28).61-62 However this time constant might also be 

due to the IC from S2 to S1 state impeding the ultrafast LMCT transition. Though the time 

constant is within the IRF of our femtosecond pump-probe spectroscopy (< 120 fs), it could 

be possible to deconvolute from the femtosecond transient absorption data by global 

analysis. 

τ2 ∼ MLCT: τ2 could be attributed to the lifetime of back electron transfer from metal to 

porphyrin as the porphyrin cation formed by LMCT is stable enough and electron can be 

transferred back to refilling the porphyrin HOMO from the metal orbital.59, 63 In addition, 

the DAS of τ2 is similar to the singlet absorption spectra of the metalloporphyrins64-65 and 

porphyrin cations.62, 66  

τ3 and τ4 ∼ (S = 1/2 and 3/2): The appearance of double peaks (∼ 525 and 560) in the 

Qband region after the 400 fs time delay in the transient absorption spectra for Hematin, 

HematinCQ and HematinMFQ (Figure 5.26 and 5.27) illustrates the spectral 

resemblance between the transient absorption spectra of Hematin at 1 ps and the 

steadystate absorption spectra of the low spin ferrous form of HeminCl in the Qband 

region. Hence, it reflects the similar electronic distribution on the heme macrocycle, 

particularly the population of the Fe orbitals where the dπ orbitals are stabilized leading to   
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Figure 5.24 The time profile of Hematin and HematinCQ complex at pH 5.5 (a) and 

7.0 (b) probed at 420 nm (open circles) along with four-exponential fit curve obtained from 

global analysis (solid line). 
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Figure 5.25 The time profile of Hematin and HematinMFQ complex at pH 5.5 (a) 

and 7.0 (b) probed at 420 nm (open circles) along with four-exponential fit curve obtained 

from global analysis (solid line). 
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Table 5.2 The calculation details for the ground state recovery for the Hematin and Hematindrug complexes at different pH. 

 

Compound 

 

pH 


exctn 

Ground state absorption 

spectra 

 

Transient 

absorption 

spectral 

time 

 

Excitedstate 

absorption spectra 

Ratio of 

absolute 

area Wavelength 

range 

(nm) 

Absolute 

area 

Wavelength 

range 

(nm) 

Absolute 

area 

 

Hematin 

5.5 385 307 – 433 89.22 250 fs 349417 159.77 55.84 % 

 

7.0 385 307 – 432 87.52 250 fs 357416 161.25 54.27 % 

 

 

HematinCQ  

5.5 385 293 –  435 110.29 350 fs 354 418 297.35 37.09 % 

 

7.0 385 290 –  451 115.00 350 fs 362  423 364.28 31.57 % 

 

 

HematinMFQ 

5.5 385 300 –  445 88.15 350 fs 360 – 425 153.25 57.52 % 

 

7.0 385 290–  442 81.18 300 fs 362 – 423 163.26 49.72 % 
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Figure 5.26 Comparison of the stationary absorption spectra and FTAS in the enlarged 

region of the Q band at 1 ps in the ferric form of Hematin (a), HematinCQ (b) and 

HematinMFQ (c) at pH 7.0 with absorption spectra of ferrous Hemin (red).  

 

the low spin state. Thus, the time constant τ3 is attributed to the state where the iron is in the 

low spin state (S = 1/2) having four electrons in the dπ orbitals. The ground state will 

be recovered by passing through the intermediate quartet spin state (S = 3/2) to the high spin 

ground state (S = 5/2). Hence, the time constant, τ4, is assigned to the intermediate spin state, 

where the iron would be in the spin state of (S = 3/2).  

5.3.3.4 Dynamics at Different pH  

When compared to the Hematin alone, the increase of all the relaxation time 

constants of HematinCQ at pH 5.5 is significant than at pH 7.0. Such increase of the time 

constants indicates that the drug stabilizes the energy level of both the dz
2 and dπ orbitals 

leading to the stabilization of intermediate or low spin states (Scheme 5. 1).58 The reduction 

of ground state recovery of the HematinCQ complex by the vibrational cooling (37 %) also 

reflects that the relaxation dynamics is predominantly controlled by the involvement of 
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different electronic spin states. In addition it is possible that the hydrogenbonding interaction 

between the tertiary amino group in the side chain of the quinoline and the heme propionate 

group could stabilize the HematinCQ  complex.67  
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Figure 5.27 Comparison of the steadystate absorption spectra and FTAS in the enlarged 

region of the Q band at 1 ps in the ferric form of Hematin (a), HematinCQ (b) and 

HematinMFQ (c) at pH 5.5 with absorption spectra of ferrous Hemin (red).   
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Figure 5.28 FTAS of Hematin (red), HematinCQ and HematinMFQ in the longer 

wavelength region measured at 1ps after the photoexcitation.  
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However, the relaxation time constants of Hematin–MFQ complex are similar to that of 

Hematin (Table 5.1) reflecting the formation of weak complex between MFQ and 

Hematin. The excitedstate relaxation dynamics of Hematin and with antimalarial drugs 

involving vibrational cooling and multispin electronics states are given in the Scheme 5. 

1. 

 

 

 

Scheme 5.1 Proposed mechanism for excitedstate relaxation dynamics of Hematin and 

HematinCQ complex involving different electronic spin states of iron atom. 

 

5.4 Conclusion 

The femtosecond pumpprobe spectroscopy was used to investigate the interaction 

dynamics of with CQ and MFQ at pH 5.5 and pH 7.0. In both pH, Hematin forms ground 

state complex with CQ and MFQ. The transient absorption spectra of Hematin and 

Hematindrug complexes reveal evidence of the involvement of both vibrational 

relaxation and intermediate electronic spin states in the excitedstate relaxation dynamics 
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similar to the heme model compounds. In the case of HematinCQ complex the relaxation 

dynamics is predominantly through the different electronic spin states, whereas in the case 

of HematinMFQ, the relaxation dynamics are similar to that of Hematin. The 

observation of longer time constant in HematinCQ reveals that  

dimer of Hematin forms more stabilized complex with CQ compared to MFQ. The 

formation of such complex could prevent the Hematin crystallization leading to the 

formation of hemozoin. The understanding of Hematindrug interactions will enable the 

design of new antimalarial drugs. 

5.5 Materials and Methods 

Hematin, CQ and MFQ were purchased from Sigma Aldrich and used without 

further purification. Buffers were prepared containing 20 mm acetate (pH 5.5) and 

phosphate (pH 7.0) with 50 mm NaNO3 in 40% methanol–water (vol/vol). The pH of the 

buffers was measured using a FiveEasyPlus pH meter (Calgon Scientific) equipped with a 

glass electrode and adjusted using either nitric acid or NaOH to avoid coordinating chloride 

ions. Stock solutions of Hematin were prepared in 50 mM NaOH. 

The concentration of Hematin used for measuring the transient absorption spectra was 200 

M. The integrity of the sample is tested by measuring the absorption spectra of the sample 

before and after the experiments and found to be no significant changes in the absorption 

spectra.  
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----------------------------------------------------------------------------------------------------------------------- 
The electronic, vibrational and conformational changes of the protein due to redistribution of the excess energy 

generated by biological functions play an important role. These can be optically triggered by ultrafast pulsed lasers and 

probed by ultrafast spectroscopy. Here, the excited state relaxation dynamics of various heme model compounds, heme 

proteinCytochrome c (Cyt c) with lipids and Hematin with antimalarial drugs are investigated using femtosecond 

pump-probe spectroscopy to correlate the relaxation dynamics with biological functions of the protein. An overview of 

biological functions and ultrafast dynamics of heme model compounds and heme proteins are included in the Chapter 

1. Chapter 2 involves a detailed discussion on the technical aspects of femtosecond pump-probe spectroscopy and 

analysis of transient absorption spectra and description of other experimental techniques used in this thesis. 

In Chapter 3, the ultrafast excited state relaxation dynamics of various heme model compounds (HeminCl, 

HeminBr and Heminmeso) and met-myoglobin have been investigated by femtosecond pump−probe spectroscopy 

upon excitation at 380 nm to understand the influence of the axial ligands, peripheral substituents and the solvents on the 

excited state relaxation dynamics of the heme. An excited state deactivation pathway of heme model compounds 

comprising different electronic spin states of iron along with the vibrational cooling dynamics is proposed. This study 

revealed that the involvement of multiple iron spin states in the electronic relaxation dynamics of heme model compounds 

and metMb is an inherent feature of the heme b type. 

The interaction dynamics of Cyt c with various phospholipids having different charges [CL: 2, POPG: 1 and 

POPC: 0] are discussed in Chapter 4 to understand the electronic, vibrational, and conformational changes of the protein 

in its partially unfolded state. The various degrees of partial unfolding are observed in Cyt c in the presence of liposomes 

from steady state and excited state optical spectroscopy. The decrease of efficiency of fluorescence resonance energy 

transfer (FRET) from tryptophan (Trp) to heme upon an increase of the partial unfolding of the proteins by liposomes 

revealed the Trp as a marker amino acid to reflect the dynamics of partial unfolding of the protein. In addition, the 

refolding of the protein after the addition of NaCl indicated the electrostatic interaction between Cyt c and liposomes 

rather than the hydrophobic interaction. 

The interaction dynamics between Hematin and antimalarial drugs including chloroquine (CQ) and mefloquine 

(MFQ) have been investigated in pH 5.5 and 7.0 using steady state and time resolved absorption and emission 

spectroscopy in Chapter 5. In both pH, Hematin formed ground state complex with CQ and MFQ. The excited state 

relaxation pathway of Hematin in the presence of drugs comprise of both multiple electronic spin states and vibrational 

relaxation process. HematinCQ complex was more stabilized than Hematin by non-covalent interactions and thereby 

preventing the formation of hemozoin. The understanding of Hematin-drug interactions will enable the design of new 

antimalarial drugs to overcome the parasite resistance. 
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ABSTRACT: Hemin is a unique model compound of heme
proteins carrying out variable biological functions. Here, the
excited state relaxation dynamics of heme model compounds in
the ferric form are systematically investigated by changing the
axial ligand (Cl/Br), the peripheral substituent (vinyl/ethyl−
meso), and the solvent (methanol/DMSO) using femtosecond
pump−probe spectroscopy upon excitation at 380 nm. The
relaxation time constants of these model compounds are obtained by global analysis. Excited state deactivation pathway of the
model compounds comprising the decay of the porphyrin excited state (S*) to ligand to metal charge transfer state (LMCT, τ1),
back electron transfer from metal to ligand (MLCT, τ2), and relaxation to the ground state through different electronic spin
states of iron (τ3 and τ4) are proposed along with the vibrational cooling processes. This is based on the excited state absorption
spectral evolution, similarities between the transient absorption spectra of the ferric form and steady state absorption spectra of
the low-spin ferrous form, and the data analysis. The observation of an increase of all the relaxation time constants in DMSO
compared to the methanol reflects the stabilization of intermediate states involved in the electronic relaxation. The transient
absorption spectra of met-myoglobin are also measured for comparison. Thus, the transient absorption spectra of these model
compounds reveal the involvement of multiple iron spin states in the electronic relaxation dynamics, which could be an
alternative pathway to the ground state beside the vibrational cooling processes and associated with the inherent features of the
heme b type.

1. INTRODUCTION

The ultrafast excited state relaxation dynamics of Iron
metalloporphyrins1−7 have been investigated extensively, as
they serve as a model system for heme proteins performing a
broad range of biological functions including transport and
storage of diatomic molecules such as CO, NO, and O2,
signaling, catalysis, and electron transfer.8−12 The reactivity of
heme, the prosthetic group of heme proteins, can be modified
by changing the axial ligands, peripheral substituents, oxidation
states of the iron atom, and polar and nonpolar groups around
the heme.13−16 It is well-known that various heme groups (viz.,
a, b, and c) are available in nature and categorized based on the
peripheral substituents.13,17 The transient absorption spectra of
various heme model compounds and heme proteins were
investigated to understand the underlying mechanism in the
relaxation dynamics of the heme.3,6,17−26 Based on the
experimental evidence, two distinct models comprising of
vibrationally excited (“hot”) electronic ground state6,19,21−27

and the multiple electronic intermediate excited
state17,18,20,21,28−31 are proposed. Interestingly, the heme
model compounds are simplest, ubiquitous, possess a rich
diversity of chemical structures and reaction, and importantly
do not undergo ligand photodissociation in the ferric form

which could impede the electronic and vibrational dynamics of
the heme.21,32

The femtosecond time-resolved transient absorption spectra
of ferric Hemin were investigated in solution and gaseous
states3,5 and the experimental details along with the assignment
of the time constants are given in Table 1. It was reported that
the excited heme relaxed to the ground state by internal
conversion with the sub-picosecond time scale, and sub-
sequently ground state was completely recovered through
vibrational cooling with a time constant of ∼5.5 ps3. Soep et al.5

investigated the excited state relaxation dynamics of Hemin in
the gas phase by femtosecond pump−probe spectroscopy with
90 fs time resolution. They found the two exponential
components including the ultrafast initial decay on the order
of 50 fs attributed to the charge transfer process from ligand to
metal and a second relaxation time constant of 250 fs
corresponding to the relaxation of the LMCT state to the
ground state.
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In this paper, to understand the influence of the axial ligands,
peripheral substituents and the solvents on the excited state
relaxation dynamics of the heme, transient absorption spectra
of various heme model compounds (Hemin-Cl, Hemin-Br, and
Hemin-meso) were systematically measured in methanol
(MeOH) and DMSO using femtosecond time-resolved
pump−probe spectroscopy upon excitation at 380 nm. To
the best of our knowledge, the transient absorption spectra of
Hemin-Br and Hemin-meso have not been reported. As the
solvent DMSO (0.28) possessing the similar value of dipolar
solvation [Δf(ε,n)] compared to the water (0.32),34−36 it could
mimic the aqueous environment of the biological system.
Figure 1 shows the chemical structures of various ferric heme

model compounds used for the investigation. In order to
corroborate the excited state relaxation dynamics of model
compounds with met-myoglobin (met-Mb), which is an oxygen
storage protein having heme b and high spin in nature,37,38 the
transient absorption spectra of met-Mb in 0.1 M KPi buffer at
pH 7 were also measured and compared. Here it is important to
note that Chergui et. al recently observed the early relaxation
dynamics of met-Mb which was controlled by spin state

crossover within the iron atom along with the generally
accepted concept of vibrational cooling.18 The spectral and
kinetic analysis of transient absorption spectra of heme model
compounds reveals the involvement of multiple electronic spin
states in the excited state relaxation dynamics and also the
ground state recovery by the vibrational relaxation.

2. EXPERIMENTAL SECTION

2.1. Sample Preparation. Hemin-Cl, Hemin-Br, and
Hemin-meso and dehydrated met-Mb were purchased from
Frontier Scientific and Sigma-Aldrich, respectively, and used
without further purification. The absorption spectra were
measured with a Shimadzu UV-2600 UV/vis spectrophotom-
eter coupled with Peltier thermostatic cell holders at various
temperatures. In order to record the femtosecond transient
absorption spectra, the absorbance of the samples was made to
have between 0.4 and 0.6 at the pump wavelength (380 nm) in
a 0.4 mm optical path length spinning sample cell, equivalent to
a concentration of 60−100 μm. The ferrous compounds were
prepared by the addition of sodium dithionite under argon
atmosphere.

2.2. Femtosecond Transient Absorption Spectrosco-
py. The experimental details for the femtosecond transient
absorption measurements have already been described else-
where.39 Briefly, it is a Ti:sapphire laser (Mai Tai HP, Spectra
Physics, USA) centered at 800 nm having pulse width of <100
fs with 80 MHz repetition rate. The amplified laser was split
into two in the ratio of 75:25%. The high energy beam was
used to convert to the required wavelength (380 and 530 nm)
for exciting the sample by using TOPAZ (Prime, Light
Conversion). The white light continuum (340−1000 nm)
was generated by focusing the part of amplified beam (200
mW) on a 1-mm-thick CaF2 plate which split into two beams
(sample and reference probe beams). The sample cell (0.4 mm
path length) was refreshed by rotating in a constant speed.
Finally, the white light continuum was focused into a 100 μm
optical fiber coupled to imaging spectrometer after passing
through the sample cell. The pump probe spectrophotometer
(ExciPro) setup was purchased from CDP Systems Corp,
Russia. Normally transient absorption spectra were obtained by
averaging about 2000 excitation pulses for each spectral delay.
All the measurements were carried out at the magic angle
(54.7°). The time resolution of the pump−probe spectrometer
is found to be about >120 fs.

Table 1. Details of Previous Studies and Assignments of Excited State Relaxation Dynamics of Hemin and met-Mb Using
Femtosecond Time Resolved Pump−Probe Spectroscopy3,5,18,33

no. authors λexctn (IRF)
a compounds time constants assignment

1 Marcelli et al.3 400 and 500 nm (160 fs) Hemin (Methanol) τ1 = 0.2 ps τ1 = Ligand to metal charge transfer
τ2 = 1.5 ps τ2 = Iron d-d transition
τ3 = 5.7 ps τ3 = Vibrational relaxation

2 Soep et al.5 396 nm (90 fs) Hemin (Gas phase) τ1 = 50 fs τ1 = Ligand to metal charge transfer
τ2 = 0.25 ps τ2= Relaxation of the LMCT to ground state

3 Kitamura et al.33 400 nm (130 fs) met-Mb (pH 7) τ1 = 70 fs τ1 = Relaxation of S1 state
τ2 = 0.54 ps τ2= Ligand to metal charge transfer
τ3 = 4.1 ps τ3 = Vibrational relaxation

4 Chergui et al.18 400 nm (130 fs) met-Mb (pH 7) τ1 = < 80 fs τ1 = Ligand to metal charge transfer
τ2 = 0.51 ps τ2= Back electron transfer
τ3 = 1.14 ps τ3 = Electronic decay of intermediate spin state (S = 1

2
)

τ4 = 4.77 ps τ4 = Electronic decay of intermediate spin state (S = 3
2
)

aλexctn: excitation wavelength; IRF: Instrument Response Function.

Figure 1. Chemical structures of heme model compounds and met-
myoglobin.
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3. RESULTS AND DISCUSSION
3.1. Stationary Absorption Spectra. The steady state

absorption spectra of heme model compounds including the
Hemin-Cl, Hemin-Br, and Hemin-meso in the ferric form were
measured. All of these derivatives exhibit the characteristic
features of penta-coordinated and high spin state.40 Figure 2

shows the absorption spectra of heme model compounds in
MeOH and DMSO at room temperature. In Figure 2, the
absorption spectrum of Hemin-Cl is dominated by Soret band
appearing at 397 nm and Q bands around 500 and 623 nm due
to the π−π* transition and consistent with previous
literature.3,41 In the Hemin-Br, no significant changes in the
absorption spectrum are observed in the Soret band region
when compared to the Hemin-Cl, whereas in the case of
Hemin-meso, the absorption spectra shifted toward the blue
region (∼389 nm) compared to Hemin-Cl reflecting that the
saturation of the vinyl to ethyl group at the periphery
minimized the electron withdrawing nature (or conjugation)
of peripheral substituents.42 In DMSO where the axial ligand is
still covalently associated,28 all three model compounds showed
red-shifted absorption maxima compared to the compounds in
MeOH. The absorption spectrum of met-Mb in 0.1 M Kpi
buffer at pH 7 is also shown for comparison in Figure 2.
The temperature-dependent absorption spectra of all the

derivatives (20 to 50 °C in MeOH with an increment of 10 °C)
and met-Mb were measured and shown in the Supporting
Information as Figure S1. The purpose of measuring the
temperature dependent absorption spectra is to correlate with
the spectral shape obtained in the transient absorption spectra.
Indeed, the differential absorption spectra obtained at temper-

ature ∼40 °C (insets Figure.S1) show the similar characteristic
features of transient absorption spectra at ∼1 ps (Figure 3, vide

infra), exhibiting positive and negative absorption at around the
Soret band region due to the red-shift and broadening of
absorption spectra at high temperatures. With an increase of
temperature, the broadening of spectral bandwidth for Hemin-
meso in MeOH is observed compared to met-Mb where no or
little change of spectral bandwidth until 60 °C was seen.43 This
could be due to weakening of the extent of coupling between
heme vibronic transitions and low-frequency motions in the
model compounds at high temperatures.44

3.2. Femtosecond Transient Absorption Spectra.
Figures 3 and 4 show the femtosecond time-resolved transient
absorption spectra ΔA (λ, t) of the Hemin-Cl and -Br in
MeOH obtained by exciting at 380 nm. In Figure 3 the spectral
evolution of the Hemin-Cl at various time delays after the
photoexcitation starting from 0.2 to 1.1 ps and 3.0 to 23.5 ps
are shown in panel a and b, respectively. In the ultrafast
transient absorption spectra, negative ΔA relates to the
bleaching, due to the depopulation of the ground state, or
stimulated emission from an excited state, whereas a positive
ΔA initiates from the excited state absorption−photoinduced
absorption of excited species. However, these spectral features
typically overlap with each other. The earliest spectrum at 0.2
ps is dominated by a bleach band at ∼395 nm and the excited
state absorption at 415 to 470 nm and beyond 525 nm. In
Figure 3a, when the spectral time increased to 0.5 ps, the
decrease of the bleach band and an increase of excited state
absorption along with a narrowing of spectral bandwidth and
shifting toward blue region are observed. Figure 3b represents
the transient absorption spectra at longer time delays where the

Figure 2. Absorption spectra of Hemin-Cl (a), Hemin-Br (b), and
Hemin-meso (c) in MeOH (red) and DMSO (black). The absorption
maxima of the heme model compounds in DMSO are given. The
absorption spectra of met-Mb (d) in 0.1 M Kpi buffer at pH 7 is
shown for comparison. The excitation wavelength (λexctn = 380 nm)
used for transient absorption measurements is also shown in a dotted
line (blue).

Figure 3. Femtosecond time-resolved transient absorption spectra of
Hemin-Cl in MeOH obtained upon excitation at 380 nm. The
different spectral time delays are given and the arrows show the
spectral evolution. Inset: Transient absorption spectra at Q-band
region (panel a) and kinetic decays obtained at the probe wavelengths
of 395 and 410 nm (panel b).
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overall spectral intensity decreased with time and recovered
back to equilibrium on the spectral time scale of ∼23.5 ps. The
spectral evolution and shape of the transient absorption spectra
of Hemin-Cl in MeOH are consistent with an earlier report.3

The inset in Figure 3a represents the enlarged spectral
evolution starting from 460 to 580 nm at specific time intervals
for clarity. Interestingly, it is observed that there is a peak
formed at ∼525 nm after the time delays of ∼300 fs which
persists longer than 8 ps.
The kinetic traces obtained at the excited state absorption

(410 nm) and bleach (395 nm) maxima are shown as an inset
in Figure 3b. The pattern of transient absorption spectra of
Hemin-Br (Figure 4) in MeOH is similar to that of Hemin-Cl.
In order to explore the influence of the excitation wavelength
on the excited state dynamics, the transient absorption spectra
of Hemin-Cl and -Br in MeOH were also measured upon
excitation at 530 nm (Figures S2 and S3). The transient
absorption spectra obtained by excitation at 380 nm shows a
red shift and broadening in the excited state absorption spectra
compared to 530 nm excitation. Due to the experimental
limitation (excitation laser scattering at 530 nm), there is no
access to observe the transient formation of the peak around
525 nm which could support the involvement of the electronic
spin states (vide infra). In order to understand the effect of
peripheral substituent on the excited state relaxation dynamics,
for instance, replacement of vinyl by ethyl group leading to an
increase in electron density on the porphyrin ring, the transient
absorption spectra of Hemin-meso were measured in MeOH
upon excitation at 380 nm. Figure 5 shows the transient
absorption spectra of Hemin-meso in MeOH at different
spectral time delays.
To get a better insight of chrompophore−solvent interaction

which influences the excited state relaxation dynamics of the

heme, the transient absorption spectra of Hemin-Cl, -Br, and
-meso in DMSO were also measured upon excitation 380 nm
and are shown in Figures 6, S4, and S5, respectively. Though
the pattern of spectral evolutions in DMSO is similar to that of
MeOH, the relaxation dynamics is found to be stabilized in
DMSO. Also, the presence of a long-lived species in all three

Figure 4. Femtosecond time-resolved transient absorption spectra of
Hemin-Br in MeOH obtained upon excitation at 380 nm. The
different spectral time delays are given and the arrows show the
spectral evolution. Inset: Transient absorption spectra at Q-band
region (panel a) and kinetic decays obtained at the probe wavelength
of 396 and 415 nm (panel b).

Figure 5. Femtosecond time-resolved transient absorption spectra of
Hemin-meso in MeOH obtained upon excitation at 380 nm. The
different spectral time delays are given in the insets and the arrows
show the spectral evolution. Inset: Transient absorption spectra at Q-
band region (panel a) and kinetic decays obtained at the probe
wavelength of 400 and 387 nm (panel b).

Figure 6. Femtosecond time-resolved transient absorption spectra of
Hemin-Cl in DMSO obtained upon excitation at 380 nm.
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heme model compounds is observed substantially in DMSO,
which could be due to the formation of photoproducts.1,45 The
amount of the long-lived components obtained in DMSO
(Figure S6) is larger, and it is negligible in methanol. This could
reflect that the compounds are more susceptible to form
photoproducts in DMSO compared to the methanol upon laser
excitation. To correlate the excited state dynamics of model
compounds with the met-Mb where the heme is the prosthetic
group, transient absorption spectra of met-Mb in 0.1 M Kpi
buffer at pH 7 were measured upon excitation at 380 nm
(Figure 7). The spectral evolution of the met-Mb at different

time delays shown in Figure 7 is rather similar to that of
Hemin-Cl (Figure 3) in MeOH and the patterns are consistent
with the literature.18 There is no contamination of MbO2 in the
met-Mb sample, which is confirmed by the absence of dual
peaks in the Q-band region in the absorption spectra (Figure
2).
3.3. Spectral Analysis. The analysis of the femtosecond

transient absorption spectra consisting of a three-dimensional
data set including wavelength, time, and change in absorbance
was performed with the global analysis program GLOTAR-
AN.46 In order to describe the excited state relaxation dynamics
of model compounds completely, four exponential components

were optimally fitted to the transient absorption spectral data.
The time constants obtained are shown in Table 2. Similarly,
the transient absorption spectra of met-Mb were fitted with
four exponentials globally and the resulted time constants are τ1
≈ 70 fs, τ2 = 434 ± 10 fs, τ3 = 1.09 ± 0.06 ps, and τ4 = 4.34 ±
0.07 ps. These time constants are in good agreement with
previous reports.18,33 The decay-associated spectra of these
time constants for the model compounds in MeOH and
DMSO are shown in Figure 8 and Figure S6, respectively. The
decay-associated spectra obtained for the excitation at 380 nm
exhibit common features of transient absorption spectra.

3.3.1. Signature of Vibrational Cooling Dynamics. The
generally accepted mechanism for the excited state relaxation
dynamics of heme model compounds after the ultrafast
excitation involved the sequential steps of ligand to metal
charge transfer, iron d−d transition, and, importantly, the
recovery of the ground state by vibrational relaxation.3,5,19,47

Indeed, the transient absorption spectra (Figures 3−7) of these
model compounds exhibit that the excited state absorption
spectra shift toward the blue region by narrowing the spectral
width with the increase of spectral time in the picosecond
range. This is a clear signature of the vibrational relaxation
dynamics occurring in the system. We have calculated the

Figure 7. Femtosecond transient absorption spectra of met-Mb in 0.1
M Kpi buffer at pH 7 obtained upon excitation at 380 nm.

Table 2. Time Constants Obtained by Global Analysis Using Glotaran46 for Heme Model Compounds at 380 nm Excitation

solvent Hemin-Cl Hemin-Br Hemin-meso

Methanol τ1 < 70 fs τ1 < 70 fs τ1 < 70 fs
τ2 = 248 ± 10 fs τ2 = 274 ± 10 fs τ2 = 275 ± 15 fs
τ3 = 1.50 ± 0.05 ps τ3 = 1.82 ± 0.05 ps τ3 = 1.87 ± 0.06 ps
τ4 = 5.60 ± 0.06 ps τ4 = 5.98 ± 0.05 ps τ4 = 6.75 ± 0.07 ps

DMSO τ1 < 70 fs τ1 < 70 fs τ1 < 70 fs
τ2 = 296 ± 10 fs τ2 = 499 ± 10 fs τ2 = 580 ± 20 fs
τ3 = 2.02 ± 0.05 ps τ3 = 2.61 ± 0.05 ps τ3 = 2.95 ± 0.06 ps
τ4 = 6.58 ± 0.06 ps τ4 = 7.57 ± 0.05 ps τ4 = 9.22 ± 0.08 ps

Figure 8. Decay associated spectra of heme model compounds in
MeOH obtained from global analysis for 380 nm excitation.
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amount of the ground state recovery occurring through back
electron transfer (MLCT) by determining the ratio between
the areas of the complete Soret band region of the static and
transient absorption spectra (see Supporting Information,
Table S1). It is found that ∼52 ± 5% of excited molecules
directly relax to the hot electronic ground state reflecting the
strong signature of vibrational relaxation in the excited state
dynamics.18 (It is to be noted that the transition strength of the
transient state Soret band is assumed to be the same as that of
ground state.18) The spectral evolution of the excited state
absorption of the compounds obtained by exciting at 380 nm
compared to 530 nm excitation exhibits a red shift and
broadening in the excited state absorption spectra (Figure S7) .
The time constants obtained for Hemin-Cl and Hemin-Br by
using global analysis for the 530 nm excitation are given in
Table S2 in the Supporting Information. Though ∼7500 cm−1

additional energy is distributed over the large number of modes
at 380 nm excitation, significant changes in the time constants
are not observed at 380 nm excitation compared to 530 nm
excitation. The increase of local heme temperature48 to ∼880 K
by 380 nm excitation compared to 530 nm excitation (∼750 K)
is reflected in a red shift and broadening of the Soret band in
the transient absorption spectra of 380 nm excitation. Though
such a similar observation was also reported in different heme
systems such as cytochrome c and met-myoglobin,18 it needs
further investigation. In addition, the calculated amount of the
direct ground state recovery for the 530 nm excitation is
comparable to that of the 380 nm excitation (∼50 ± 10%)
revealing the independence of pump energy.
3.3.2. Evidence of Multiple Electronic Spin States. In

addition to the signature of the vibrational relaxation dynamics,
the following spectral evolutions are observed in the transient
absorption spectra of all the compounds. First, the appearance
of a new peak around 525 nm after ∼300 fs in the Q-band
region of the transient absorption spectra of all the heme model
compounds suggests the presence of a new electronic
intermediate state in the fast relaxation dynamics. Second, the
resemblance of the spectra at the Q-band region between the
transient absorption spectra of the ferric form and ground state
absorption spectra of the low spin ferrous form of heme model
compounds indicates the involvement of low spin state of the
central metal atom (Figure 9).18,49 Hence, the involvement of
different electronic spin states in the excited state relaxation
dynamics of model compounds is proposed along with the
vibrational cooling processes.
Hence, the assignment of the resulting four time constants

for the model compounds is described in detail based on the
spectral evolution and literature as follows.3,5,18,31

τ1 ∼ LMCT. As the fluorescence lifetimes of the metal-
loporphyrins are shorter3,50 due to the electron transfer from
the porphyrin macrocyclic ring to the metal iron atom, the time
constant τ1, <70 fs within our temporal resolution time, could
be attributed to the ligand to metal charge transfer process. The
ligand to metal charge transfer transition is supported by the
observation of the broad peak around 630 nm consistent with
the formation of a porphyrin cation in the transient absorption
spectra of the model compounds (Figure 10).33,51,52 Alter-
natively, this time constant might also be due to the internal
conversion from S2 to S1 state impeding the ultrafast ligand to
metal charge transfer transition.
τ2 ∼ MLCT. The decay-associated spectra of τ2 possess the

absorption maxima between 430 and 470 nm and longer than
550 nm, which is comparable to the singlet absorption spectra

of the metallo-porphyrins20,53 and porphyrin cations.52,54 The
transiently formed porphyrin cation (charge separated species)

Figure 9. Steady state absorption spectra of ferric (black) and ferrous
(red) forms of Hemin-Cl in MeOH (a) and DMSO (b) and met-Mb
(c) in 0.1 M Kpi buffer at pH 7. Femtosecond transient absorption
spectra (gray) recorded at 1 ps are also given for comparison. All the
spectra are normalized at 525 nm for clarity.

Figure 10. Transient absorption spectra of model compounds and
met-Mb measured at 1 ps after the photoexcitation. The asterisk
represents the absorption maximum of the porphyrin cation.
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by LMCT is stable enough and electron transferred to the
metal orbital can be promoted back to refilling the porphyrin
HOMO.18,55 Furthermore, this time constant is much faster
compared to the generally observed vibrational cooling time
constant in the range of picoseconds (∼3−8 ps).26,56 Such a
similar time constant was obtained for hemoglobin and
attributed to the back electron transfer.31 Hence, the time
constant obtained in the range of 248 to 580 fs could be
correlated to the dynamics of the back electron transfer from
the metal to porphyrin orbital.20,31

τ3 and τ4 ∼ (S = 1
2
and 3

2
). There is a formation of the peak

at ∼525 nm appearing as double peaks in the Q-band region
after the 300 fs time delay in the transient absorption spectra
for all the heme model compounds and met-Mb (Figures 3−7
and Figure S8). The spectral resemblance between the transient
absorption spectra of Hemin-Cl at 1 ps and the steady state
absorption spectra of the low spin ferrous form of Hemin-Cl in
MeOH and DMSO in the Q-band region is shown in Figure 9.
Furthermore, the transient water ligated 6C ferric met-Mb and
6C ferrous Mb showed similar spectral features around Q-band
region at low temperature.49 Hence, these resembling
observations could reflect the similar electronic distribution
on the heme macrocycle, particularly the population of the Fe
orbitals where the dπ orbitals are stabilized leading to the low
spin state. Thus, the time constant τ3 is attributed to the state
where the iron is in the low spin state (S = 1

2
) having four

electrons in the dπ orbitals. Apparently, the relaxation dynamics
will be completed by passing through the intermediate quartet
spin state (S = 3

2
) to the high spin ground state (S = 5

2
). Hence,

the time constant, τ4, is tentatively assigned to the intermediate
spin state, where the iron would possess the spin state of (S =
3
2
).

It is important to note that these assignments are
corroborated with the earlier observation of the transient
absorption spectra of met-Mb where the initial relaxation
dynamic was found to have the different electronic spin state of
the iron atom.18 The involvement of electronically excited
intermediate state in the relaxation dynamics has also been
reported in the literature for the model compounds as well as
proteins.18,29,30 However, the involvement of different elec-
tronic spin states can be further characterized by using the
femtosecond X-ray absorption spectroscopy57and femtosecond
stimulated resonance Raman spectroscopy with the time
resolution of 50 fs.23

Thus, based on the spectral evolution, global analysis, and
literature,3,5,18 the mechanism of excited state relaxation
dynamics of heme model compounds comprising different
electronic spin states is proposed and illustrated in Scheme 1.
3.4. Effect of Axial Ligands, Peripheral Substituents,

and Solvents. Though the energy levels of Fe centered d-
orbitals in the various heme model compounds could be
different, the correlation of variation of time constants among
the model compounds has been attempted. Here the time
constants obtained for different heme model compounds in
MeOH and DMSO are compared with respect to the Hemin-Cl
in MeOH. Since the shortest time constant, τ1, obtained for
different compounds is within our instrument response
function (<120 fs), no conclusion can be made by comparison.
3.4.1. Hemin-Br. The relaxation time constants, particularly,

τ3 and τ4 obtained for Hemin-Br, are increased when compared
to the Hemin-Cl. This could be due to the fact that the

replacement of ligand with weaker field strength (Cl > Br)
could stabilize the energy level of both the dz2 and dπ orbitals,
consequently leading to the intermediate or low spin states by
dropping an electron from the dx2−y2 orbital to one of the lowest
dπ orbitals

58−60 as shown in Scheme 1.
3.4.2. Hemin-meso. The relaxation time constants of

Hemin-meso are longer when compared to Hemin-Cl. In the
case of Hemin-meso, when the vinyl is replaced by the ethyl
group, the lowering of conjugation in the periphery of the
porphyrin ring would lead to the increase of electron density at
the iron center. In addition, certain significant changes
including the absence of the torsional conformers, the basicity
of amide nitrogen atoms, and binding affinity of ligand to a
central metal occur in the Hemin-meso.42,44 These changes
could collectively lead to the increase of the time constants for
the Hemin-meso compared to the Hemin-Cl.

3.4.3. DMSO. Interestingly, a systematic increase of all the
relaxation time constants in DMSO is observed for all the
compounds, compared to MeOH. This may be due to the
increase of interaction between axial ligand and oxygen of the
DMSO which altered the electron density of iron atom in the
porphyrin leading to the stabilization of the relaxation pathway.
Nevertheless, the slower time constants in DMSO by the less
efficient energy dissipation due to the higher viscosity of
DMSO61 may not be ruled out. Such stabilization of charge
transfer dynamics, vibrational cooling, and different electronic
spin states with the increase of solvent polarity and viscosity
were already observed in different metallo-porphyrin deriva-
tives.62−65

4. CONCLUSION
The femtosecond pump−probe spectroscopy was used to
investigate the effect of the axial ligand (Cl/Br), peripheral
substituent (vinyl/ethyl-meso), and solvent (methanol/
DMSO) on the excited state relaxation dynamics of the
heme. Overall, the transient absorption spectra of the model
compounds reveal evidence of the involvement of both

Scheme 1. Proposed Mechanism for Excited State Relaxation
Dynamics of Model Compounds Involving Different
Electronic Spin States of Iron
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vibrational relaxation and intermediate electronic spin states in
the excited state relaxation dynamics. For example, the
signature of the vibrational cooling is reflected by the evolution
of excited state absorption spectra as the narrowing of the
spectral bandwidth and shifting toward the blue region with an
increase of the spectral time in the picosecond range.
Simultaneously the existence of multiple electronic spins states
is observed by the appearance of the new peak at ∼525 nm
after ∼300 fs and lasting for ∼8 ps which leads to the spectral
similarities between the transient absorption spectra of the
ferric form and ground state absorption spectra of the low spin
ferrous form of heme model compounds. Coincidentally the
time constants proposed for the different electronic spin states
can be correlated with the various stages of the vibrational
cooling processes. As the spectral and kinetic analysis of
transient absorption spectra of the model compounds showed
similar characteristics to that of met-Mb, the involvement of
multiple electronic spin states could be an alternative pathway
to the ground state along with the vibrational relaxation process
in the deactivation pathway of photoexcited heme model
compounds and related to be an inherent feature of the heme b
type.
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ABSTRACT: The ubiquitous electron transfer heme protein, Cytochrome c (Cyt c)
catalyzes the peroxidation of cardiolipin (CL) in the early stage of apoptosis, where
Cyt c undergoes conformational changes leading to the partial unfolding of the
protein. Here the interaction dynamics of Cyt c with liposomes having different
charges [CL, − 2; POPG (2-Oleoyl-1-palmitoyl-sn-glycero-3-phospho-rac-(1-
glycerol) sodium salt), −1; and POPC (2-Oleoyl-1-palmitoyl-sn-glycero-3-
phosphocholine), 0] leading to various degrees of partial unfolding is investigated
with steady state optical spectroscopy and femtosecond time-resolved pump−probe
spectroscopy. The signature of the partial unfolding of the protein was observed in
the absorption, fluorescence, and CD spectra of Cyt c−liposome complexes with an
increase of lipid/protein (L/P) ratio, and the protein was refolded by the addition of
0.1 M of NaCl. The femtosecond transient absorption spectra of the complexes were
measured by selectively exciting the heme and tryptophan (Trp) at 385 and 280 nm,
respectively. Though significant changes were not observed in the excited state relaxation dynamics of the heme in liposomes by
exciting at 385 nm, the 280 nm excitation exhibited a systematic increase of the excited state relaxation dynamics leading to the
increase of lifetime of Trp and global conformational relaxation dynamics with the increase of anionic charge of the lipids. This
reveals the decrease of efficiency of fluorescence resonance energy transfer from Trp to heme due to the increase of distance between
them upon increase of partial unfolding of the proteins by liposomes. Such observation exhibits the Trp as a marker amino acid to
reflect the dynamics of partial unfolding of the protein rising from the change in the tertiary structure and axial ligand interaction of
the heme proteins in liposomes. The relaxation dynamics of the complexes in the presence of salt are similar to that of the protein
alone, reflecting that the refolding of the protein and the interactions are dominated by electrostatic interaction rather than the
hydrophobic interaction.

1. INTRODUCTION

Cytochrome c (Cyt c), is an important electron transfer heme
protein found in mitochondria.1−3 Over the past decade,
intense research has been focused to understand the catalytic
role and unfolding nature of Cyt c in the apoptosis process
(programmed cell death)4−7 besides the protein being used as
a suitable model for understanding the folding and unfolding
processes of the heme proteins.8,9 This globular protein is six-
coordinated and in low spin state containing a prosthetic heme
group with His18 (proximal) and Met80 (distal) as axial
ligands10 (Figure 1). Cyt c contains a single Trp residue
(Trp59) that is supposed to specifically probe the structural
and conformational perturbation during the unfolding
process.11 In the early stages of apoptosis, Cyt c acts as a
catalyst for peroxidation of an anionic phospholipid, CL, where
it undergoes conformational changes leading to partial
unfolding once bound with CL.12−17

The interaction dynamics of Cyt c with different lipids have
been carried out using various spectroscopies including NMR,
FRET, EPR, CD, absorption, resonance Raman, and flash

photolysis.18−23 Though various mechanisms including electro-
static and hydrophobic interactions and hydrogen bonding6

proposed for the Cyt c−liposome interaction, understanding of
the interaction dynamics is not yet clear. The two binding sites
were proposed for the interaction of Cyt c with liposomes,
namely A and C sites. A site involves the electrostatic
interaction via positively charged Lys72 and 73 and negatively
charged phosphate group of lipids. However, the C site has the
hydrophobic interaction through hydrogen bonding between
Asn52 and protonated lipid phosphate group.24,25 A third
binding L site was recently observed by the involvement of
Lys22, Lys27, Lys87, and His33.26
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Hong et al.27 reported the two distinct conformations
including an extended and compact form for CL bound Cyt c
using time-resolved FRET and found that their distribution
was dependent on the CL content and protein coverage of the
membrane surface. Schweitzer-Stenner et al.28 investigated
binding interaction of ferric Cyt c with liposomes composed of
TOCL (20%) + DOPC (80%) using fluorescence and circular
dichroism (CD) spectroscopy. The studies revealed the
presence of two independent binding sites with different
affinity yielding various degrees of unfolding of the protein
eliminating the probability of significant protein insertion into
the membrane. Upon interaction with CL,18 the Cyt c formed
a misligated bis-His species (His18 and His26/His33) by the
rupture of the His26···Pro44 hydrogen bond characterized by
resonance Raman and EPR spectroscopies. The surfactant,
sodium dodecyl sulfate, induced unfolding of Cyt c that
occurred by one step cooperative processes with an activation
barrier of 16.8 kJ/mol, and conformational structure of Cyt c
persisted in an intermediate state.29 Using picosecond flash
photolysis system, Vos et al.23 observed the multistep binding
process of nitric oxide in ferric Cyt c−CL complex having a
high value of escape fraction of NO and open nature of heme
pocket in the complex
Here to understand the effect of the charges of liposomes on

the electronic, vibrational, and conformational relaxation
dynamics of Cyt c upon complexation with lipids having
different charges, absorption, emission, CD, and femtosecond
transient absorption spectra of the complexes were measured.
Hence the Cyt c is systematically complexed with CL, POPG,
and POPC having charges of −2,−1, and 0, respectively. CL
has a unique structure with four hydrophobic fatty acid tail and
a hydrophilic phosphate headgroup carrying two negative
charges.11,15 POPG is a phosphatidylglycerol having single
negative charge with two acyl chains. However, POPC is a
phosphatidylcholine and zwitterionic over a wide pH range as
it possesses a quaternary ammonium group and a phosphate

moiety.30 The chemical structures of different phospholipids
are also shown in Figure 1. It is inferred that the transient
absorption spectra obtained by excitation at 280 nm exhibited
the excited state dynamics of Trp and changes of tertiary
structure reflecting the conformational changes of the protein
during partial unfolding of Cyt c upon complexation with
liposomes.

2. EXPERIMENTAL SECTION
Horse heart Cyt c was obtained from Sigma-Aldrich. In order
to completely remove any ferrous forms present in the protein
solution, potassium ferricyanide was added to the sample and
was then passed through a Sephadex G-25 column to remove
any remaining oxidizing agents and impurities. POPG, POPC,
bovine heart CL, and 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid (HEPES) were purchased from Sigma-Aldrich
and used without further purification. The lipids were
dissolved in a 2:1 chloroform/methanol mixture. The solvent
was removed by drying under the nitrogen atmosphere until a
uniform thin, dry lipid film was formed. The film was kept in a
vacuum desiccator overnight. The lipid film was then
rehydrated with 25 mM HEPES buffer (pH 7.4) to obtain
the desired concentration.31 The solution was then sonicated
in an ice bath for 2 h. The solution was centrifuged for 45 min
at 13 000 rpm to remove all the impurities. The supernatant
was then allowed to stabilize overnight. The Cyt c
concentration was 10 μM for all steady state optical
spectroscopy. Different Cyt c−liposome mixtures were
prepared by varying the concentration of liposome.
The size distributions of liposomes having a concentration of

500 μM were measured using dynamic light scattering
experiment. Particle radii were obtained from dynamic light
scattering particle size analyzer (Zeta Nano-ZS, Ms. Malvern
Instruments, U.K.). A 10 mm path-length quartz cuvette was
used to collect the data at room temperature. Absorption
spectra were recorded using UV-2600 UV−visible spectropho-

Figure 1. Chemical structures of CL (a), POPG (b), and POPC (c) and crystal structure of horse heart ferric Cyt c (d) from PDB: 1HRC.10 The
charge of the lipids is also mentioned.
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tometer (Shimadzu). CD spectra were measured with JASCO
810 spectrometer at room temperature. Steady−state fluo-
rescence spectra were recorded with a FluoroLog-3 (Horiba)
equipped with a 450W Xe arc lamp.
Femtosecond Transient Absorption Spectroscopy.

The instrumentation details for the femtosecond transient
absorption measurements have been described elsewhere.32 It
is a Ti:sapphire laser (MaiTai HP, Spectra Physics, U.S.A.)
centered at 800 nm having 80 MHz repetition rate with a pulse
width of <100 fs. The amplified laser was split into two and the
high energy beam was used as the pump (385 and 280 nm) for
exciting the sample by using TOPAS (Prime, Light
Conversion). The other part of the amplified beam (200
mW) focused on a 1 mm thick CaF2 plate to generate white
light continuum (340−1000 nm) which further split into two
beams (sample and reference probe beams). The sample cell
(0.4 mm path length) was refreshed by rotating at a constant
speed. Finally, the white light continuum was focused into a
100 μm optical fiber coupled to imaging spectrometer after
passing through the sample cell. The pump−probe spectro-
photometer (ExciPro) setup was purchased from CDP
Systems Corp, Russia. Normally transient absorption spectra
were obtained by averaging about 2000 excitation pulses for
each spectral delay. All the measurements were carried out at
the magic angle (54.7°). All the transient absorption spectra
obtained from the equipment is compensated for chirp of the
white light by determining the time zero using coherent artifact
observed in the solvent.33 The time resolution of the pump−
probe spectrometer is found to be about ≤120 fs. The
concentration of Cyt c used for measuring the transient
absorption spectra was 100 μM. The integrity of the sample is
tested by measuring the absorption spectra of the sample
before and after the experiments and found to be no significant
changes in the absorption spectra.

3. RESULTS AND DISCUSSION

3.1. Steady State Photophysical Characterization.
The steady state absorption spectra of Cyt c and Cyt c-
liposomes obtained with various lipids including CL, POPG,
and POPC at different L/P ratio are shown in Figure 2. DLS
spectra of all liposomes (Figure S1 in Supporting Information)
show the size distribution between 20 and 200 nm, indicating
the formation of unilamellar vesicles in all the lipids.28,34 Cyt c
in HEPES buffer shows a Soret absorption maximum at 409
nm and broad asymmetric Q-band near 530 nm. In the Cyt c
in the CL and POPG liposomes complexes, the Soret band is
shifted to 407 nm. The inset of Figure 2 shows the enlarged
view of region near charge transfer band at 695 nm by
normalizing the spectra at 640 nm. With an increase of the L/P
ratio, there is a decrease of absorbance of peak around 695 nm,
characteristic of metal-to-ligand charge transfer band, indicat-
ing the dissociation of Met80 from the heme consistent with
previous reports.6,13,35,36 An appearance of a new band at ∼620
nm in the higher L/P ratio was also observed and it could be
due to the formation of ferric high-spin (HS) species.37 The
Cyt c−POPC complex does not show any significant changes
in the absorption spectra as charge of POPC is neutral. As the
mixture of CL and POPC could mimic the mitochondrial
membrane, the complex of Cyt c with CL and POPC mixture
(20:80%) was also prepared and its absorption spectra found
to be similar to that of negatively charged liposomes.
Interestingly by the addition of 0.1 M NaCl, the charge

transfer band at 695 nm reappeared back in the Cyt c−
liposome complexes.
Figure 3 shows the fluorescence spectra of Cyt c− liposome

complexes including CL, POPG, POPC, and CL+ POPC at
different L/P ratio obtained by exciting at 290 nm in room
temperature. With increase of concentration of liposomes, a
gradual increase of intensity at around 340 nm due to Trp
emission indicated the occurrence of partial unfolding of Cyt
c.38,39

The increase of fluorescence intensity is attributed to the
decrease of the fluorescence resonance energy transfer40,41

from the Trp to the heme as the distance between Trp and
heme increased from ∼10 Å to 25 Å29,41,42 upon increase of
partial unfolding of the proteins by the liposomes. Cyt c−CL,
−POPG, and −CL+POPC complexes showed higher emission
intensity with an increase of liposome concentration when
compared to POPC liposomes. In addition, the broad weak
emission band at ∼430 nm, attributed to P band28 was
observed with an increase of concentration of liposomes. To
understand the significance of electrostatic interaction in Cyt c-
liposome complex, fluorescence spectra of various Cyt c-
liposome complexes was measured by the addition of 0.1 M
NaCl. Insets of Figure 3 show the fluorescence spectra of Cyt
c−liposome complexes having L/P ratio of 50 in 25 mM
HEPES buffer with and without 0.1 M NaCl. It is observed
that the emission peak at ∼340 nm obtained for Cyt c−
liposome complexes due to Trp is decreased in the presence of
NaCl when compared to the complexes in the absence of
NaCl.

Figure 2. Steady state absorption spectra of Cyt c−CL (a), Cyt c−
POPG (b), Cyt c−POPC (c), and Cyt c−(CL+ POPC) (d)
complexes at different L/P ratios in 25 mM HEPES buffer at pH 7.4.
Insets show enlarged view of region near charge transfer band at 695
nm by normalizing the spectra at 640 nm. The arrow indicates the
decrease of absorbance of the charge transfer band at 695 nm with
increase of the L/P ratio.
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The CD spectra of Cyt c−liposome complexes at different
L/P ratio with and without NaCl were measured and shown in
Figure 4 to understand the structural and conformational
changes of Cyt c upon interaction with liposomes. The CD
spectrum of the native protein displays a bisignate band−
characteristic change of sign in the region of absorption
maximum (∼409 nm) due to the variation of absorption of
right- and left-circularly polarized light (Cotton effect) arises
from electronic and vibronic perturbations of the heme group
in the protein.43,44 In addition, Cyt c exhibits three negative
bands at ∼285, 330, and 371 nm. Weak positive band in the
450−520 nm region is attributed to charge transfer transition
between porphyrin and heme iron.36 The negative band
around 417 nm is related to the presence of Met80 at the sixth
coordination position of the heme.45 The couplet gradually
disappears and is replaced by a positive Cotton band with
increase of L/P ratios for CL, CL+POPC, and POPG,
reflecting a relaxation of the tertiary structure and axial ligand
interactions of the heme in the protein. However, there is no
significant changes in the CD spectra of Cyt c-POPC complex
even at higher concentration [L/P: 150] indicating the weak
interaction of neutral liposome with Cyt c. Upon addition of
0.1 M NaCl, the reappearance of the negative Cotton band at
∼417 nm was observed as shown in the insets of Figure 4. The
observation of a decrease of Trp emission intensity and
reappearance of Cotton band in the presence of 0.1 M NaCl

suggests the existence of electrostatic interaction between Cyt
c and liposomes. The refolding of the partially unfolded
protein occurred by increasing the interaction between the Na+

ions and anionic phospholipids by competing the interaction of
the lipids with positive charge on the surface of the protein.

3.2. Femtosecond Time-Resolved Excited State
Relaxation Dynamics. The excited state relaxation dynamics
of heme in Cyt c complexed with various liposomes were
investigated using femtosecond time-resolved pump−probe
spectroscopy. The pump wavelength was chosen to specifically
excite the heme and Trp in Cyt c at 385 and 280 nm,
respectively. Figures 5, 6, S2, S3, and S4 show the femtosecond
time-resolved transient absorption spectra ΔA (λ, t) of Cyt c−
CL, Cyt c−POPG, Cyt c−POPC, Cyt c−(CL+POPC)
complexes and Cyt c, obtained by exciting at 385 nm. In
Figure 5 the spectral evolution of the Cyt c−CL complex at
different delay time immediately after the photoexcitation
starting from 200 fs to 1.0 ps and 2.0 to 13.0 ps are shown in
panels a and b, respectively. In Figure 5a, the earliest spectrum
at 200 fs exhibits a strong bleach band at ∼408 nm and the
excited state absorption at 375 and 419 nm. With increase of
delay time, decrease of bleach band (408 nm), and an increase
of excited state absorption (419 nm) along with a narrowing of
spectral bandwidth and shifting toward blue region were
observed until ∼2.0 ps. In Figure 5b, the intensity of both
bleach and excited-state absorption decreases with an increase
of the delay time and attaining back to the equilibrium within

Figure 3. Fluorescence spectra of Cyt c−CL (a), Cyt c−POPG (b),
Cyt c−POPC (c), and Cyt c−(CL+ POPC) (d) complexes at
different L/P ratio in 25 mM HEPES buffer at pH 7.4 obtained by
exciting at 290 nm. Insets show the fluorescence spectra of complexes
having L/P ratio of 50 with (black) and without NaCl (red). Asterisk
(*) represents the characteristic O−H stretching frequency of water.
The arrow indicates the increase of the fluorescence intensity with an
increase of the L/P ratio.

Figure 4. CD spectra of Cyt c−CL (a), Cyt c−POPG (b), Cyt c−
POPC (c), and Cyt c−(CL+ POPC) (d) complexes at different L/P
ratios in 25 mM HEPES buffer (pH 7.4) at room temperature. Insets
show the CD spectra of the complex having an L/P ratio of 50 with
(black) and without 0.1 M NaCl (red).
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20 ps. The spectral features of transient absorption spectra of
Cyt c−CL obtained by excitation at 385 nm are similar to that
of native Cyt c (Figure S2). The transient decay of the Cyt c−
CL complex probed at 419 nm is compared with that of the
native Cyt c (inset) and there was found to be no significant
changes in the dynamics. The transient absorption spectra of
other complexes including Cyt c−POPG, −POPC, and −CL
+POPC obtained by exciting at 385 nm are similar to that of
Cyt c−CL.
Transient absorption spectra of Cyt c−CL, −POPG,

−POPC, and −CL+POPC complexes obtained by exciting at
280 nm are shown in Figures 7, 8, S6, and S7, respectively. The
selective excitation at 280 nm is used to probe the dynamics of
Trp, heme, and tertiary structure associated with the partially
unfolded form of the protein in the liposomes. It is to be noted
that heme will be excited indirectly through the fluorescence
resonance energy transfer by the excitation of Trp at 280 nm.
This will lead to the change in the bleach of the Soret band and
consecutive heme electronic and vibrational relaxation
processes. Similar to the 385 nm excitation, in Figures 7 and
8 the decrease of the bleach band and an increase of excited
state absorption along with a narrowing of spectral bandwidth
and shifting toward blue region are observed until ∼2.0 ps with
increase of delay time. When compared to the 385 nm
excitation, the excited state relaxation dynamics obtained upon
excitation at 280 nm are longer having the time constant (τ4)
of ∼14, 21, 22, and 26 ps for Cyt c−POPC, −POPG,−(CL+
POPC), and −CL respectively (Table 1, vide inf ra). In order
to understand the influence of electrostatic interaction in the

excited state relaxation dynamics of protein−liposome
complexes, transient absorption spectra of the complexes
were measured in 0.1 M NaCl. The transient decay of
protein−liposome complexes with and without 0.1 M NaCl
monitored at 425 nm are shown (Figure 9) for comparison
along with Cyt c. Interestingly by the addition of 0.1 M NaCl,
the decay of the complexes obtained by exciting at 280 nm are
similar to that of the native Cyt c.
Global analysis of the femtosecond transient absorption data

was performed using the GLOTARAN program.46 The
optimal global exponential fit resulted four major time
constants for all the measurements and the time constants
are listed in Tables 1 and S1 for 280 and 385 nm excitation,
respectively. The corresponding decay-associated spectra for
these time constants are shown in Figures S10 and S11 for 385
and 280 nm excitation wavelengths, respectively. These spectra
are similar to each other and showed the signature of excited-
state absorption and a bleach band at the corresponding
absorption maximum.

3.3. Effect of Excitation Wavelength. 3.3.1. Excitation
at 385 nm. In order to understand the relaxation dynamics of
the heme in the liposomes, the time constants obtained for the
heme in native form of Cyt c is discussed at first. The global
analysis provided four exponential time constants for ferric Cyt
c at pH 7.4: τ1 = 148 ± 50 fs, τ2 = 666 ± 100 fs, τ3 = 3.72 ±
0.30 ps, and τ4 = 10.11 ± 1.0 ps. These time constants are
consistent with the previous reports9,47−49 of ferric Cyt c,
within the experimental errors. It is known that in ferric Cyt c,
the internal conversion (IC) occurs within hundreds of

Figure 5. Femtosecond time-resolved transient absorption spectra of
Cyt c−CL complex having L/P ratio of 50 in 25 mM HEPES buffer at
pH 7.4 upon excitation at 385 nm. The different delay times are given
and the arrows show the spectral evolution. Inset shows the transient
decay profile of Cyt c and Cyt c−CL complex probed at 419 nm.

Figure 6. Femtosecond time-resolved transient absorption spectra of
Cyt c−POPG complex having L/P ratio of 50 in 25 mM HEPES
buffer at pH 7.4 upon excitation at 385 nm. Inset shows the transient
decay profile of Cyt c and Cyt c−POPG complex probed at 419 nm.
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femtoseconds.47,48 The decay-associated spectra of the τ1
exhibited excited-state absorption and ground-state bleach at
the corresponding absorption maximum. Hence, the time
constant τ1 is ascribed to an excited-state decay of the heme to
the ground state. After the IC, the heme in the higher
vibrational state of the ground state (hot) undergoes
vibrational energy dissipation via multiple exponential path-
ways in the fast time scale. With an increase of the delay time,
the shifting of the excited state absorption at 419 nm toward
the blue region with narrowing of the spectral band confirms
the occurrence of the vibrational relaxation having multiple
exponential time constants.9,50 Therefore, the time constants
τ2, τ3, and τ4 are attributed to the various degrees of vibrational
relaxation dynamics of the heme in the ground state. It is
reported for the native protein that the fast and slow
exponential components are due to the vibrational energy
transfer via the coupling between heme and collective motions
of the protein mainly through covalent bonds.51

The excited state relaxation dynamics of the heme in the
liposomes (except POPC) upon excitation at 385 nm did not
exhibit any significant changes when compared to that of
native Cyt c reflecting heme environment still intact. This
could be due to the fact that Met80 is replaced by either His33
or His2620,52 in the partially unfolded thermodynamic
intermediate ground state. Similar relaxation behavior is
supported by observing the comparable vibrational relaxation
time constants for both the ferric and ferrous form of Cyt c.51

3.3.2. Excitation at 280 nm. In order to selectively excite
the Trp which could probe the dynamics of Trp, heme, and

tertiary structures associated with the partially unfolded form
of the protein in the liposome, the 280 nm excitation was used.
The time constants obtained for ferric Cyt c upon excitation at
280 nm are τ1 = 230 ± 100 fs, τ2 = 840 ± 120 fs, τ3 = 3.16 ±
0.5 ps, and τ4 = 8.50 ± 1.2 ps. The exponential component τ1
is ascribed to the excited state decay of heme, as in the case of
385 nm excitation. It is observed that the fluorescence intensity
of the native protein is efficiently quenched by the fluorescence
resonance energy transfer from the excited Trp to the
porphyrin ring of the heme group.53,54 On the basis of the
literature, the time constant of τ2 is attributed to the excited-
state lifetime of Trp49 and τ3 and τ4 are assigned to vibrational
relaxation time constants. From the Table 1, the rate of
internal conversion (τ1) of the heme in CL and POPG
liposomes is observed to be increased reflecting the slowing
down of electronic decay of the heme in the liposomes.
Interestingly, when compared to the native Cyt c there is a
systematic increase of the time constant of τ2 to 0.98, 1.95,
2.01, and 2.35 ps for Cyt c−POPC, −POPG, −(CL+ POPC),
and −CL complexes, respectively, with an increase of anionic
charges of the liposomes. This reflects the regular extent of
partial unfolding of the proteins leading to increase of distance
between Trp and heme which reduces the resonance energy
transfer from the Trp to heme. The increase of time constant
τ3 is also observed in the Cyt c−liposome complex when
compared to native protein. Remarkably, the long-lived
components τ4 were observed for Cyt c−POPG, −(CL+
POPC), and −CL complexes with an increase of anionic
charges in the liposomes reflecting the global conformational

Figure 7. Femtosecond time-resolved transient absorption spectra of
Cyt c−CL complex having L/P ratio of 50 in 25 mM HEPES buffer at
pH 7.4 upon excitation at 280 nm.

Figure 8. Femtosecond time-resolved transient absorption spectra of
Cyt c−POPG complex having L/P ratio of 50 in 25 mM HEPES
buffer at pH 7.4 upon excitation at 280 nm.
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change associated with the tertiary structure by unfolding of
protein induced by liposomes. It is to be noted that the time
constant τ4 obtained for Cyt c−liposome complex is shorter
compared to the longer time constant obtained for the
completely unfolded protein induced by the addition of 4 M
guanidine hydrochloride.9 This reflects the Cyt c in the
complexes used in this study are partially unfolded and it’s
conformational structures remained in an intermediate state
between completely unfolded and native folded states.
In order to shed more light on the fluorescence resonance

energy transfer process occurring from Trp to heme, the
transient absorption spectra of Cyt c-CL complex have been
measured upon excitation at 280 nm by varying the L/P ratio.
The magnitude of the heme bleach probed at 409 nm with
increase of L/P ratio is compared and shown in Figure S12.
Interestingly when compared to the native protein, a

systematic decrease of magnitude of the heme bleach is
observed with increase of L/P ratio. This reflects the
occurrence of various degrees of unfolding leading to increased
distance between heme and Trp. The transient absorption
spectra of Cyt c-CL complexes with various L/P ratio were
analyzed globally and resulting time constants are shown in
Table S2. From Table S2, it is found that τ2, the excited-state
lifetime of Trp49 (corroborated to fluorescence resonance
energy transfer time constant), is increased from ∼840 fs for
native protein to ∼4.48 ps for the Cyt c-CL complex having
the L/P ratio of 75. This confirms the decrease of efficiency of
fluorescence resonance energy transfer as the distance between
Trp and heme increased from ∼10 to 25 Å29,41,42 upon
increase of partial unfolding of the proteins by the liposomes.
The correlation between the increase of fluorescence

intensity (Figure 3) with the increase of Trp’s lifetime of
various complexes having L/P ratio of 50 is shown in Figure
S13. It is found that with the increase of anionic charge of
phospholipids the magnitude of unfolding of the protein
increases in the complexes.

3.4. Effect of Ionic Strength. In order to understand the
effect of the ionic strength on the unfolding dynamics of the
protein, femtosecond transient absorption spectra of com-
plexes were measured by exciting at 280 nm by adding 0.1 M
NaCl (Figures S8 and S9). The femtosecond time-resolved
kinetic profiles of the protein and protein−liposome complexes
probed at 425 nm are shown in Figure 9 with and without 0.1
M NaCl for comparison. The time constants obtained by
exciting at 280 nm using global analysis for different liposomes
in the presence of NaCl are also given in Table 1. It is
interesting to note in the presence of 0.1 M NaCl that the
dynamics are recovered back which is comparable to that of
native Cyt c. It reflects the refolding of the partially unfolded
protein in the Cyt c−CL, Cyt c−(CL+POPC), and Cyt c−
POPG complexes in the presence of NaCl. In addition, it
reveals that the charges of the phosphate group of lipids is
essential in the Cyt c−liposome interaction and confirms the
existence of the electrostatic nature of the interaction between
Cyt c and negatively charged liposomes. However, in the case
of the Cyt c−POPC complex the dynamics are not changed by
adding NaCl, indicating the presence of weak hydrophobic
interaction between POPC and Cyt c.

4. CONCLUSION

The interaction dynamics between Cyt c and liposomes were
investigated using steady-state and time-resolved optical
spectroscopy by systematically increasing the anionic charge
in the liposome. The excited-state relaxation dynamics of heme
in liposomes observed by exciting at 385 nm were found to be
the same when compared to the native form reflecting the

Table 1. Time Constants Obtained by Global Analysis Using GLOTARAN46 for Cyt c- Liposome Complex Having L/P Ratio
of 50 for 280 nm Excitation

sample Cyt c Cyt c−CL Cyt c−POPG Cyt c−POPC Cyt c−(CL+POPC)
absence of salt τ1 = 0.23 ± 0.10 ps τ1 = 0.38 ± 0.15 ps τ1 = 0.33 ± 0.10 ps τ1 = 0.29 ± 0.10 ps τ1 = 0.34 ± 0.14 ps

τ2 = 0.84 ± 0.12 ps τ2 = 2.35 ± 0.50 ps τ2 = 1.95 ± 0.50 ps τ2 = 0.98 ± 0.10 ps τ2 = 2.01 ± 0.10 ps
τ3 = 3.16 ± 0.50 ps τ3 = 5.49 ± 0.20 ps τ3 = 5.01 ± 0.30 ps τ3 = 3.91 ± 0.15 ps τ3 = 5.09 ± 0.15 ps
τ4 = 8.30 ± 1.20 ps τ4 = 26.50 ± 1.10 ps τ4 = 21.58 ± 1.20 ps τ4 = 14.00 ± 1.50 ps τ4 = 22.50 ± 1.50 ps

presence of salt τ1 = 0.21 ± 0.10 ps τ1 = 0.22 ± 0.15 ps τ1 = 0.28 ± 0.14 ps τ1 = 0.28 ± 0.15 ps τ1 = 0.20 ± 0.13 ps
τ2 = 0.80 ± 0.13 ps τ2 = 0.83 ± 0.15 ps τ2 = 0.87 ± 0.13 ps τ2 = 0.90 ± 0.14 ps τ2 = 0.80 ± 0.14 ps
τ3 = 3.20 ± 0.50 ps τ3 = 3.00 ± 0.50 ps τ3 = 3.07 ± 0.20 ps τ3 = 3.85 ± 0.20 ps τ3 = 3.20 ± 0.50 ps
τ4 = 8.50 ± 1.20 ps τ4 = 8.90 ± 1.20 ps τ4 = 8.79 ± 1.20 ps τ4 = 13.65 ± 1.10 ps τ4 = 8.60 ± 2.00 ps

Figure 9. Femtosecond transient decay of Cyt c−CL (a), Cyt c−
POPG (b), Cyt c−POPC (c), and Cyt c−(CL+ POPC) (d)
liposomes having an L/P ratio of 50 with and without 0.1 M NaCl in
25 mM HEPES buffer at pH 7.4 probed at 425 nm.
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heme environment stabilized by exchange of other ligands
(His33/26).20,52 The femtosecond transient absorption spectra
of the complexes obtained by exciting at 280 nm, where Trp
selectively excited, showed regular increase of excited state
relaxation dynamics due to a decrease of efficient fluorescence
resonance energy transfer with an increase of anionic charge of
the lipid. It is found that the extent of partial unfolding
depends on the charges of the lipids and that the Trp acted as a
probe to examine the dynamics of partial unfolding associated
with the change in the tertiary structure and axial ligand
interaction of the heme proteins in liposomes. The recovery of
the relaxation dynamics of complexes are comparable to the
native protein in the presence of 0.1 M NaCl and this suggests
the importance of electrostatic interaction between Cyt c and
liposomes.
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(24) Rytömaa, M.; Kinnunen, P. K. Evidence for Two Distinct
Acidic Phospholipid-Binding Sites in Cytochrome C. J. Biol. Chem.
1994, 269, 1770−1774.
(25) Sinibaldi, F.; Milazzo, L.; Howes, B. D.; Piro, M. C.; Fiorucci,
L.; Polticelli, F.; Ascenzi, P.; Coletta, M.; Smulevich, G.; Santucci, R.
The Key Role Played by Charge in the Interaction of Cytochrome C
with Cardiolipin. JBIC, J. Biol. Inorg. Chem. 2017, 22, 19−29.
(26) Kawai, C.; Prado, F. M.; Nunes, G. L. C.; Di Mascio, P.;
Carmona-Ribeiro, A. M.; Nantes, I. L. Ph-Dependent Interaction of
Cytochrome C with Mitochondrial Mimetic Membranes: The Role of
an Array of Positively Charged Amino Acids. J. Biol. Chem. 2005, 280,
34709−34717.
(27) Hong, Y.; Muenzner, J.; Grimm, S. K.; Pletneva, E. V. Origin of
the Conformational Heterogeneity of Cardiolipin-Bound Cytochrome
C. J. Am. Chem. Soc. 2012, 134, 18713−18723.
(28) Pandiscia, L. A.; Schweitzer-Stenner, R. Coexistence of Native-
Like and Non-Native Partially Unfolded Ferricytochrome C on the
Surface of Cardiolipin-Containing Liposomes. J. Phys. Chem. B 2015,
119, 1334−1349.
(29) Das, T. K.; Mazumdar, S.; Mitra, S. Characterization of a
Partially Unfolded Structure of Cytochrome C Induced by Sodium
Dodecyl Sulphate and the Kinetics of Its Refolding. Eur. J. Biochem.
1998, 254, 662−670.
(30) Sathappa, M.; Alder, N. N. The Ionization Properties of
Cardiolipin and Its Variants in Model Bilayers. Biochim. Biophys. Acta,
Biomembr. 2016, 1858, 1362−1372.
(31) Muenzner, J.; Toffey, J. R.; Hong, Y.; Pletneva, E. V. Becoming
a Peroxidase: Cardiolipin-Induced Unfolding of Cytochrome C. J.
Phys. Chem. B 2013, 117, 12878−12886.
(32) Govind, C.; Karunakaran, V. Ultrafast Relaxation Dynamics of
Photoexcited Heme Model Compounds: Observation of Multiple
Electronic Spin States and Vibrational Cooling. J. Phys. Chem. B 2017,
121, 3111−3120.
(33) Megerle, U.; Pugliesi, I.; Schriever, C.; Sailer, C. F.; Riedle, E.
Sub-50 Fs Broadband Absorption Spectroscopy with Tunable
Excitation: Putting the Analysis of Ultrafast Molecular Dynamics
On solid Ground. Appl. Phys. B: Lasers Opt. 2009, 96, 215−231.
(34) Lin, C.-M.; Li, C.-S.; Sheng, Y.-J.; Wu, D. T.; Tsao, H.-K. Size-
Dependent Properties of Small Unilamellar Vesicles Formed by
Model Lipids. Langmuir 2012, 28, 689−700.
(35) Schejter, A.; George, P. The 695-Mμ Band of Ferricytochrome
C and Its Relationship to Protein Conformation*. Biochemistry 1964,
3, 1045−1049.
(36) Mugnol, K. C. U.; Ando, R. A.; Nagayasu, R. Y.; Faljoni-Alario,
A.; Brochsztain, S.; Santos, P. S.; Nascimento, O. R.; Nantes, I. L.
Spectroscopic, Structural, and Functional Characterization of the
Alternative Low-Spin State of Horse Heart Cytochrome C. Biophys. J.
2008, 94, 4066−4077.
(37) Babul, J.; Stellwagen, E. Participation of the Protein Ligands in
the Folding of Cytochrome C. Biochemistry 1972, 11, 1195−1200.

(38) Pandiscia, L. A.; Schweitzer-Stenner, R. Salt as a Catalyst in the
Mitochondria: Returning Cytochrome C to Its Native State after It
Misfolds on the Surface of Cardiolipin Containing Membranes. Chem.
Commun. 2014, 50, 3674−3676.
(39) Sanghera, N.; Pinheiro, T. J. Unfolding and Refolding of
Cytochrome C Driven by the Interaction with Lipid Micelles. Protein
Sci. 2000, 9, 1194−202.
(40) Bram̈, O.; Consani, C.; Cannizzo, A.; Chergui, M. Femtosecond
Uv Studies of the Electronic Relaxation Processes in Cytochrome C. J.
Phys. Chem. B 2011, 115, 13723−13730.
(41) Lee, J. C.; Engman, K. C.; Tezcan, F. A.; Gray, H. B.; Winkler,
J. R. Structural Features of Cytochrome C′ Folding Intermediates
Revealed by Fluorescence Energy-Transfer Kinetics. Proc. Natl. Acad.
Sci. U. S. A. 2002, 99, 14778.
(42) Tsong, T. Y. The Trp-59 Fluorescence of Ferricytochrome C as
a Sensitive Measure of the over-All Protein Conformation. J. Biol.
Chem. 1974, 249, 1988−1990.
(43) Dragomir, I.; Hagarman, A.; Wallace, C.; Schweitzer-Stenner,
R. Optical Band Splitting and Electronic Perturbations of the Heme
Chromophore in Cytochrome C at Room Temperature Probed by
Visible Electronic Circular Dichroism Spectroscopy. Biophys. J. 2007,
92, 989−998.
(44) Myer, Y. P. Conformation of Cytochromes. Iii. Effect of Urea,
Temperature, Extrinsic Ligands, and Ph Variation on the Con-
formation of Horse Heart Ferricytochrome C. Biochemistry 1968, 7,
765−776.
(45) Santucci, R.; Ascoli, F. The Soret Circular Dichroism Spectrum
as a Probe for the Heme Fe(Iii)-Met(80) Axial Bond in Horse
Cytochrome C. J. Inorg. Biochem. 1997, 68, 211−4.
(46) Snellenburg, J. J.; Laptenok, S.; Seger, R.; Mullen, K. M.; van
Stokkum, I. H. M. Glotaran: A Java-Based Graphical User Interface
for the R Package Timp. J. Stat. Softw. 2012, 49, 22.
(47) Negrerie, M.; Cianetti, S.; Vos, M. H.; Martin, J.-L.; Kruglik, S.
G. Ultrafast Heme Dynamics in Ferrous Versus Ferric Cytochrome C
Studied by Time-Resolved Resonance Raman and Transient
Absorption Spectroscopy. J. Phys. Chem. B 2006, 110, 12766−12781.
(48) Zang, C.; Stevens, J. A.; Link, J. J.; Guo, L.; Wang, L.; Zhong,
D. Ultrafast Proteinquake Dynamics in Cytochrome C. J. Am. Chem.
Soc. 2009, 131, 2846−2852.
(49) Consani, C.; Bram̈, O.; van Mourik, F.; Cannizzo, A.; Chergui,
M. Energy Transfer and Relaxation Mechanisms in Cytochrome C.
Chem. Phys. 2012, 396, 108−115.
(50) Ye, X.; Demidov, A.; Rosca, F.; Wang, W.; Kumar, A.; Ionascu,
D.; Zhu, L.; Barrick, D.; Wharton, D.; Champion, P. M. Investigations
of Heme Protein Absorption Line Shapes, Vibrational Relaxation, and
Resonance Raman Scattering on Ultrafast Time Scales. J. Phys. Chem.
A 2003, 107, 8156−8165.
(51) Bu, L.; Straub, J. E. Simulating Vibrational Energy Flow in
Proteins: Relaxation Rate and Mechanism for Heme Cooling in
Cytochrome C. J. Phys. Chem. B 2003, 107, 12339−12345.
(52) Colon, W.; Wakem, L. P.; Sherman, F.; Roder, H. Identification
of the Predominant Non-Native Histidine Ligand in Unfolded
Cytochrome C. Biochemistry 1997, 36, 12535−41.
(53) Fisher, W. R.; Taniuchi, H.; Anfinsen, C. B. On the Role of
Heme in the Formation of the Structure of Cytochrome C. J. Biol.
Chem. 1973, 248, 3188−3195.
(54) Dickerson, R. E.; Takano, T.; Eisenberg, D.; Kallai, O. B.;
Samson, L.; Cooper, A.; Margoliash, E. Ferricytochrome C: I. General
Features of the Horse and Bonito Proteins at 2.8 a Resolution. J. Biol.
Chem. 1971, 246, 1511−1535.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://dx.doi.org/10.1021/acs.jpcb.9b11957
J. Phys. Chem. B 2020, 124, 2769−2777

2777

https://dx.doi.org/10.1021/acs.biochem.6b01281
https://dx.doi.org/10.1021/acs.biochem.6b01281
https://dx.doi.org/10.1016/j.chemphyslip.2013.11.002
https://dx.doi.org/10.1016/j.chemphyslip.2013.11.002
https://dx.doi.org/10.1021/jp036799t
https://dx.doi.org/10.1021/jp036799t
https://dx.doi.org/10.1016/S0006-3495(95)80215-8
https://dx.doi.org/10.1016/S0006-3495(95)80215-8
https://dx.doi.org/10.1016/S0006-3495(95)80215-8
https://dx.doi.org/10.1016/S0006-3495(96)79286-X
https://dx.doi.org/10.1016/S0006-3495(96)79286-X
https://dx.doi.org/10.1016/S0006-3495(96)79286-X
https://dx.doi.org/10.1016/S0006-3495(96)79286-X
https://dx.doi.org/10.1016/S0006-3495(96)79286-X
https://dx.doi.org/10.1021/bi300582u
https://dx.doi.org/10.1021/bi300582u
https://dx.doi.org/10.1007/s00775-016-1404-5
https://dx.doi.org/10.1007/s00775-016-1404-5
https://dx.doi.org/10.1074/jbc.M412532200
https://dx.doi.org/10.1074/jbc.M412532200
https://dx.doi.org/10.1074/jbc.M412532200
https://dx.doi.org/10.1021/ja307426k
https://dx.doi.org/10.1021/ja307426k
https://dx.doi.org/10.1021/ja307426k
https://dx.doi.org/10.1021/jp5104752
https://dx.doi.org/10.1021/jp5104752
https://dx.doi.org/10.1021/jp5104752
https://dx.doi.org/10.1046/j.1432-1327.1998.2540662.x
https://dx.doi.org/10.1046/j.1432-1327.1998.2540662.x
https://dx.doi.org/10.1046/j.1432-1327.1998.2540662.x
https://dx.doi.org/10.1016/j.bbamem.2016.03.007
https://dx.doi.org/10.1016/j.bbamem.2016.03.007
https://dx.doi.org/10.1021/jp402104r
https://dx.doi.org/10.1021/jp402104r
https://dx.doi.org/10.1021/acs.jpcb.7b01416
https://dx.doi.org/10.1021/acs.jpcb.7b01416
https://dx.doi.org/10.1021/acs.jpcb.7b01416
https://dx.doi.org/10.1007/s00340-009-3610-0
https://dx.doi.org/10.1007/s00340-009-3610-0
https://dx.doi.org/10.1007/s00340-009-3610-0
https://dx.doi.org/10.1021/la203755v
https://dx.doi.org/10.1021/la203755v
https://dx.doi.org/10.1021/la203755v
https://dx.doi.org/10.1021/bi00896a006
https://dx.doi.org/10.1021/bi00896a006
https://dx.doi.org/10.1529/biophysj.107.116483
https://dx.doi.org/10.1529/biophysj.107.116483
https://dx.doi.org/10.1021/bi00757a013
https://dx.doi.org/10.1021/bi00757a013
https://dx.doi.org/10.1039/C3CC48709A
https://dx.doi.org/10.1039/C3CC48709A
https://dx.doi.org/10.1039/C3CC48709A
https://dx.doi.org/10.1110/ps.9.6.1194
https://dx.doi.org/10.1110/ps.9.6.1194
https://dx.doi.org/10.1021/jp207615u
https://dx.doi.org/10.1021/jp207615u
https://dx.doi.org/10.1073/pnas.192574099
https://dx.doi.org/10.1073/pnas.192574099
https://dx.doi.org/10.1529/biophysj.106.095976
https://dx.doi.org/10.1529/biophysj.106.095976
https://dx.doi.org/10.1529/biophysj.106.095976
https://dx.doi.org/10.1021/bi00842a035
https://dx.doi.org/10.1021/bi00842a035
https://dx.doi.org/10.1021/bi00842a035
https://dx.doi.org/10.1016/S0162-0134(97)00100-1
https://dx.doi.org/10.1016/S0162-0134(97)00100-1
https://dx.doi.org/10.1016/S0162-0134(97)00100-1
https://dx.doi.org/10.18637/jss.v049.i03
https://dx.doi.org/10.18637/jss.v049.i03
https://dx.doi.org/10.1021/jp0559377
https://dx.doi.org/10.1021/jp0559377
https://dx.doi.org/10.1021/jp0559377
https://dx.doi.org/10.1021/ja8057293
https://dx.doi.org/10.1016/j.chemphys.2011.09.002
https://dx.doi.org/10.1021/jp0276799
https://dx.doi.org/10.1021/jp0276799
https://dx.doi.org/10.1021/jp0276799
https://dx.doi.org/10.1021/jp0351728
https://dx.doi.org/10.1021/jp0351728
https://dx.doi.org/10.1021/jp0351728
https://dx.doi.org/10.1021/bi971697c
https://dx.doi.org/10.1021/bi971697c
https://dx.doi.org/10.1021/bi971697c
pubs.acs.org/JPCB?ref=pdf
https://dx.doi.org/10.1021/acs.jpcb.9b11957?ref=pdf

	2.Certificate.pdf (p.1)
	3.statement of integrity 2.pdf (p.2)
	4.Declaration 3.pdf (p.3)
	5. Front pages1.pdf (p.4-16)
	6. First chapter.pdf (p.17-47)
	7. Chapter 2.pdf (p.48-62)
	8. Third chapter.pdf (p.63-96)
	9. Chapter 4.pdf (p.97-138)
	10. Fifth chapter.pdf (p.139-175)
	11. Abstract of thesis.pdf (p.176-177)
	12. List of Publications from the Thesis R2.pdf (p.178-179)
	13.Chinju JPC Bmodel compound new.pdf (p.180-189)
	14. JPC b2020.pdf (p.190-198)

