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Electron transfer (ET) reactions play a crucial role in biological systems. They 

occur at critical steps of numerous metabolic pathways and are studied in a variety of 

ways. One of the methods involves photoinduced ET investigation of chemically 

modified proteins, which are labeled or transformed to be photoactive. The most popular 

class of redox active proteins which allow modifications facilitating the study of ET 

reactions are heme proteins such as cytochromes. Their properties include colored 

prosthetic groups, varied oxidation states, and diverse biological functions which have 

provided a rich and fertile ground for study by chemists, biophysicists and biologists. The 

native iron-containing heme dissipates the excitation energy through rapid radiationless 

transitions which lead to extremely short excited state lifetimes in the femtosecond range. 

The replacement of iron by diamagnetic zinc at the porphyrin center dramatically changes 

the photophysics of the enzyme. Proteins containing zinc porphyrins exhibit both 

fluorescence and long lived phosphorescence Thanks to their emissive nature, they are 
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amenable to highly sensitive single photon counting techniques, which permit kinetic 

studies over a very broad range of concentrations and time scales.  

A large part of the research reported here has focused on examining intermolecular 

interactions in zinc substituted heme proteins probed by phosphorescence quenching. 

First, photoinduced ET reactions between zinc substituted cytochrome P450cam (ZnP450) 

and small organic compounds capable of accessing the protein’s hydrophobic channel 

and binding close to active site in a fashion that mimics its native substrate, camphor, 

were investigated. The heme – to - zinc protoporphyrin exchange revealed the existence 

of two conformers of the substituted protein (F420 and F450) which exhibited different 

photochemical and photophysical properties. The ET behavior of form F420 suggests that 

hydrophobic redox-active ligands are able to penetrate the hydrophobic channel and 

locate themselves in the direct vicinity of the Zn-porphyrin. In contrast, the slower ET 

quenching rates observed in the case of F450 indicate that the association is weak and 

occurs outside of the protein channel. Therefore, we conclude that form F420 

corresponds to the open structure of the native cytochrome P450cam, while form F450 has 

a closed or partially closed channel that is characteristic of the camphor-containing 

cytochrome P450cam.  

Both forms of ZnP450 were examined in the presence of ligands possessing long 

aliphatic chains to explore electron and energy transfer processes in those systems. The 

triplet state lifetime of form F420 decreases in all studied cases, while the emission of 

3F450 remains unchanged in the presence of the selected ligands. The ET and TT rates 

obtained from 3F420 quenching allowed the calculation of the separation between the Zn-

center and quenchers. The estimated D-A distances are consistent with those previously 
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obtained from X-ray structures of native cytochrome P450 and imply ligation close to the 

active center. Moreover, similarly as in native P450, quenchers with a hydrophobic tether 

induce conformational changes in ZnP450. These data show that ZnP450 mimics the 

behavior of the native enzyme and can be used to study protein - ligand and protein - 

protein interactions. 

In the second part of this thesis a water soluble octacarboxyhemicarcerand was used 

as a shuttle to transport redox–active substrates across the aqueous medium and deliver 

them to the target protein. Hydrophobic electron donors and acceptors were encapsulated 

within the hemicarcerand, and photoinduced electron transfer between the Zn-substituted 

cytochrome c and the host-guest complexes was used to probe the association between 

the negatively charged hemicarceplex and the positively charged protein. ET mediated by 

the protein-bound hemicarcerand is much faster than that due to diffusional encounters 

with the respective free donor or acceptor in solution. The results show that the 

hemicarcerand is capable of exhibiting ‘induced fit’ behavior characteristic of protein-

protein interactions. The kinetic behavior of these systems depends on the relative 

strength of the protein-hemicarcerand and guest-hemicarcerand interactions. When Kencaps 

>> Kassoc, the hemicarcerand transports the ligand to the protein while protecting it from 

the aqueous medium. But if Kassoc > Kencaps the docked cage can act as an artificial 

receptor. 

In addition, the water soluble Cram-type hemicarcerand has been used as a gas 

capture device. This project involved encapsulation studies of hydrophobic gases such as 

sulfur hexafluoride or butane. The interactions between the guest and the host were 

probed by 1D relaxation and 2D NOESY experiments. The host:guest complex in a ratio 
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of 1:1 was the dominant form for both studied gases, however additional NMR signals in 

the case of butane suggest imprisonment of two guests. The encapsulation of the second 

molecule is possible thanks to structural flexibility of a hemicarcerand, which can adapt 

to the guest. Furthermore, the fundamental question of the gas-like vs. liquid like 

behavior of the guest(s) in the inner phase environment of the hemicarcerand has been 

addressed. Our observations imply liquid like behavior for the 1:1 host: guest complex 

and solid-like behavior for the 1:2 host: butane complex, thus agreeing with Cram’s 

conjecture that the cage interior can be designed to be vacuum-like, liquid-like, or even 

solid-like depending on the fraction of the space occupied by the guest(s).  

The presented work not only contributes new knowledge about photoinduced 

electron and energy transfer reactions in proteins but also introduces interesting materials 

for bio-sensing, biomedical or biocatalytic applications. 
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Chapter 1. Introduction  
 
Many inventions are inspired by nature, thus better understanding of natural 

phenomena enhances human creativity. Enzymes as well as any other biomolecules 

interact with each other in highly specific and selective manner in order to perform their 

particular functions. The structural and kinetic investigations of these systems not only 

help to understand how the processes are driven in living creatures, but also supply 

valuable data for biomedical and chemical engineering.  

 

Figure 1. Spectrum of electromagnetic radiation. 

 

A number of spectroscopic techniques, which detect the absorbed, emitted or 

scattered energy by molecules upon interaction with electromagnetic radiation can be 

applied for structural and kinetic investigations. Since the different types of 

electromagnetic radiation occur in different regions of the electromagnetic spectrum in 

form of heat, light, ultraviolet, or other electromagnetic waves, they provide different 

information about certain characteristic features (Figure 1). For example, absorption of 

the relatively high-energy UV-Vis photon by an atom or a molecule causes its electronic 

excitation. Absorption of the lower energy radiation (IR) causes vibrational and rotational 
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excitation of groups of atoms while, absorption in the low-energy radio-frequency part of 

the spectrum causes excitation of nuclear spin states (NMR). 

In this thesis intermolecular and intramolecular interactions were studied mainly by 

applying optical and radio wave spectroscopy. Optical spectroscopic techniques are used 

to study photochemical properties of molecules. Those techniques include electronic 

absorption (UV-vis), photoluminescence (PL), infrared red (IR) absorption, Raman 

scattering, as well as time-resolved techniques such as photon counting, transient 

absorption or time-resolved luminescence. The main part of this thesis has focused on the 

study intramolecular interaction of zinc substituted heme proteins, the enzymes which 

possess chromophores in their active centers. The spectroscopic properties of these 

molecules allow us to apply optical techniques which are summarized in the material and 

methods of the next chapters. The last part of this report summarizes the results of gas 

encapsulation inside the Cram type hemicarcerand probed by NMR spectroscopy. Thus 

detailed information about NMR spectroscopy and the techniques used are summarized 

in the last chapter. This section is focused to present the optical properties of porphyrin 

and principle of the photochemical processes which were investigated in zinc substituted 

heme proteins. 

 

1.1 Porphyrin 

Porphyrin, a naturally occurring macrocyclic compound, plays a pivotal role in 

nature. The high diversity and the large number of its derivatives makes this compound 

very important from chemical, industrial and technological points of view. This is mainly 
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because the properties of porphyrins can be easily modified by a metal exchange or by 

change of the substituents of the macrocyclic ring. The porphyrin ring (Figure 2) is build 

from four pyrrole subunits linked by α carbon atoms via methine bridges (=CH-) and 

forms highly- conjugated aromatic system containing 22-π electrons, of which 18 are 

delocalized.  

 

Figure 2. Structure of a free-base and metal porphyrin. 

 

The porphyrin ring is able to complex a metal in its center with the coordination 

number of four, five or six. The metal conjugations are stabilized by a nitrogen lone pair 

of electrons from the σ orbitals and π – π interactions between the metal and nitrogen 

atoms.1,2 Porphyrins have strong color and exhibit very intense absorption bands in the 

visible region. The typical metalloporphyrin absorption spectrum is characterized by an 

intense Soret band due to a transition to the second excited state (S0 →S2) at about 400- 

420 nm and two weak Q(α, β) transitions to the first excited state (S0 →S1) at about 550 - 

600 nm (Figure 3).3 
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Figure 3. Absorbtion spectrum of zinc porphyrin (ZnPP). 

 

The origin of this spectrum arises from a π→π* transition between two HOMOs 

and two LUMOs.  The HOMOs represent two π orbitals, an a1u and an a2u, while the 

LUMOs are a degenerate set of eg orbitals (Figure 4). As was explained by Gouterman,4 

transitions between these orbitals gave rise to two excited states. Due to orbital mixing 

these two energy states split, a higher energy state with greater oscillator strength 

corresponds to the Soret band, while the lower energy state give rise to the Q-bands.5  

The spectroscopic properties of a metalloporphyrin depend in part on the metal that 

is bound in its center. Closed shell metal ions which have a d orbital either empty or fully 

occupied (d0, d10), have only a small effect on the electronic spectrum of the porphyrin. 

On the other hand, metal ion in which d orbitals is not fully occupied (d6-d9) causes a 

hypsochromic (blue) shift in the spectrum. The mixing of the metal dπ orbitals with the 

π* orbitals of the porphyrin ring in these metalloporphyrins results also in a decrease of 

the fluorescent yield.6  
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Figure 4. Four-orbital model for porphyrin. 

1.2 Metalloporphyrins and heme proteins 

Metalloporphyrins play important biochemical functions in nature. Magnesium 

porphyrin derivatives, chlorophylls, are light harvesting molecules, essential in the 

process of photosynthesis.7 Cobalamin, also called vitamin B12, is important in cell 

metabolism. 8 Finally, the large group of heme proteins: hemoglobin, myoglobin, or 

cytoglobin are responsible for storage and activation of molecular oxygen, while 

cytochromes are involved in electron transport, catalysis as well as in active membrane 

transport.9 
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There are several types of natural hemes which differ by substituents of the 

porphyrin ring (Figure 5) and as a consequence of binding to their apoproteins. All of 

them have characteristic reddish-brown color due to the presence of the iron ion in the 

center of the heterocyclic ring. 

 

Figure 5. Structures of some natural hemes. 

 
Because the spectral features of the heme depend on the iron oxidation state, 

peripheral substituents, axial ligands, spin state and nearby amino acid residues, the 

electronic absorption spectroscopy is used extensively to obtain conformational 

information on heme proteins (Table 1).10 Aside from the four nitrogen atoms of the 

porphyrin ring, the primary coordination sphere of the iron in heme proteins is dominated 

by histidine, as found in myoglobin or hemoglobin. This ligation causes bathochromic a 

shift of the Soret band. The binding of sulfur donors or carbon monoxide may lead to 

even larger red-shifts and resulting in a so called hyperporphyrin spectrum with an 

additional “hyper band” at around 370-380 nm.11 The high spin pentacoordination and 

mono-histidine ligation dominate in heme proteins. In these enzymes the heme iron 

provides an open site for the binding of a substrate such as oxygen in the case of 

hemoglobin or myoglobin. 
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Table 1. Selected absorption maxima of iron porphyrin and heme proteins.12,13,14,15,16,17  

 hyper Soret β α 
H2TPPS (a)a  412 516; 555 582; 635 
Fe(III)TPPS (a)  393 528 686 
Fe(II)TPPS (a)  421 556 608 
Fe(II)PP (d)  424 527 556 
Fe(II)UP+OH (n)b  394 593  
Fe(II)PPDME+N-MeIm (c)c  409 522 558 
Fe(II)PPDME+Pyridine (p)d  420 527 557 
Fe(II)PPDME+Im (c)e  428 538 568 
Fe(II)PP+Im (d)  426 527 556 
Fe(II)PP+Im (e)f  425 530 560 
Fe(II)PPDME+OC6H3-3,4Me2g  434 563 593 
Fe(II)PPDME+C6H5CH2S- (c)    376 470 561   
Fe(II)PPDME+p-NO2C5H4S- (c) 376 455 555 611 
Fe(III)peroxidase-Hish  408 505 645 
Fe(II) cytochrome c+His/Meti  416 520 550 
Fe(II) cytochrome c+His/His  423 527 555 
Fe(II)-P450-cys-j   409 544   
Fe(III)-P450-cys-/H2O  417 535 571 
Fe(III)-P450-cys-/CO 363 446 550  
Fe-P450 +C6H5CH2SH 377 465 557   
Fe(II)-P450-cys-/DMS- k   446 541 568 

 

                                                
a acetate buffer , TPPS- tetrakis(4-sulfonatophenyl) porphyrin  
b NaOH solution, pH=9, FeUP-Iron uroporphyrin 
c Methylene Chloride, N-MeIm-N-Methylimidazole 
d In pyridine/water 
e DMSO, FePP – iron protoporphyrin IX; 
f  sodium dodecyl sulfate/0.01 M NaOH solution; Im-imidazole 
g Fe(II)PPDME - protoporphyrin IX dimethyl ester, OC6H3-3,4Me2- 3,4.dimethy I 
phenoxide 
h His-histidine 
i Met-metionine 
j Cys-cysteine 
k DMS, dimethyl sulfide 
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Often when the protein is substrate free, heme is weakly coordinated by a water 

molecule, as in cytochrome P450. The low spin, six-coordinate heme environment is 

found in cytochromes involved in the electron transfer chain, such as cytochrome b5 or 

cytochrome c.  

Zinc porphyrins 
 

Table 2. Solvent and ligand effects on the zinc porphyrin spectrum. 20, 5 

 hyper Soret β α 
ZnTPP (b)lm  422 549 588 
ZnTPP in DMF  425 559 599 
ZnPP in DMF/H2O buffer n  414 544 583 
ZnTPP + C4H9SH (b)   426 558 599 
ZnTPP + C4H9S-  (b) 378 449 587 633 
Zn(Meso-IX-DME) (t)o  404 532 569 
Zn(Meso-IX-DME) + SBu- (t) 354 438 562 596 
ZnTPP + Im (b)  431 566 606 
ZnTPP + N-MeIm (b)  430 565 605 
ZnPP + Pyridine (t)  428 562 602 
ZnTPP + CN- (b)  437 577 618 
ZnPP + H2O buffer  412 544 582 
ZnPP + Pyridine  425 551 588 
ZnOPE (t)p  405 532 568 
ZnOPE+ Im (t)  415 543 578 
Zn cytochrome c  423 536 574 
Zn myoglobin  428 553 595 
Zn hemogobin  423 550 587 

 

Iron-porphyrins lose the absorbed energy mainly by radiationless transitions 

because of the open shell configurations of the metal ion (4s2 3d6) but the same 
                                                
l ZnTPP - Zinc tetraphenylporphyrin 
m (b) in benzene; (t) in toluene 
n ZnPP – Zinc protoporphyrin IX 
o Mesoporphyrin IX dimethyl ester 
p ZnOPE-zinc octaethylporphyrin 
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porphyrins with closed shell metal such as zinc (4s2 3d10) exhibit both fluorescence and 

phosphorescence.18 In addition, as in case of iron porphyrin, the absorption of zinc 

porphyrin (ZnP) is determined by its microenvironments (Table 2)19,20 and thus the zinc 

porphyrin analogues have been extensively used in biological systems.  

Iron to zinc substitution 
 

Metal substitutions in heme proteins have been widely applied to change proteins 

properties. The modified molecule adapt different optical quality, and thanks to that, 

other spectroscopic methods can be employed to evaluate protein structure and its inter- 

or intra- molecular interactions. Years of studies on this kind of systems have shown that 

most of the modified proteins remain in their native conformation.21 Since substituted 

proteins containing zinc protoporphyrin (ZnPP) exhibit both fluorescence and 

phosphorescence19 with long lived triplet excited state (ms range), energy or electron 

transfer processes can be monitored in these systems. Moreover, because the triplet 

excited state of zinc substituted protein is able to accept or donate an electron, 

bidirectional redox chemistry can be investigated as well. The substitution methods 

depend mainly on the strength of heme-protein binding. If a heme is covalently attached 

to a protein, it is possible to exchange only the metal, but if a prosthetic group is 

stabilized by weak non-covalent interactions, the whole porphyrin is replaced (Figure 6).  

The detailed iron to zinc substitution methods for cytochrome c and cytochrome 

P450cam will be described in next chapters. 
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Figure 6. Metal-porphyrin substitution. 

1.3 Photochemistry 

Fundamental biological processes involve chemical reactions produced by light. 

These processes include light absorption, formation of excited electronic states, transfer 

of excitation energy or photoinduced electron transfer. The molecule (M), which has 

absorbed a photon of light with the energy hν, is promoted to an excited electronic state 

S1. The possible sequence of events following the absorption of a visible or UV photon 

(Ab) is summarized in Jabłoński diagrams22 (Figure 7).  

 

Figure 7. Jabłoński diagram. 
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The excited molecule (M*) can undergo non-radiative relaxation and dissipate the 

excess vibrational energy via intermolecular collisions, through vibrational relaxation. If 

vibrational energy levels strongly overlap electronic energy levels, a possibility exists 

that the excited molecule can transition from a vibrational level of one electronic state to 

another vibrational level a lower electronic state.  This process is called internal 

conversion (IC). The M* can also experience radiationless transitions to a different 

excited electronic state with a different spin multiplicity via intersystem crossing (ISC).  

The additional electronic energy can also be lost by spontaneous 

photoluminescence. As a consequence, M* returns to its ground state emitting a photon 

of light with the lower energy M*  M + hν’. If this emission occurs without changing 

the total electronic spin, the molecule relaxes via fluorescence (Fl), if the excited 

molecules undergo conversion to a triplet state (T1), it subsequently relaxes through 

phosphorescence (Ph).  

Because the excited molecule possesses an excess energy, it is more likely to 

undergo chemical reactions than when it is in its ground state S0. The absorption of light 

can causes several kinds of chemical processes. M* may decompose, isomerize or 

promote a bimolecular chemical reaction.23   

The excess energy from the M* can be transferred to acceptor molecule without 

photon emission (FRET) or the emission of light can be quenched by another molecule 

(quencher) during collision. Some quenchers act by inducing intersystem crossing, other 

cause electron exchange (Dexter interaction) or undergo photoinduced electron transfer 

(ET). These emission quenching processes are described below in more detail. 
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1.4 Electron transfer  

Electron transfer (ET), or the act of moving an electron from one place to another, 

is amongst the simplest of chemical processes, yet plays a central and critical role in all 

aspects of life. Schematically can be described as follows (1):  

D + A   D+ + A-        (1) 

Where D acts as the electron donor and A is the electron acceptor.  

Electron transfer induced by a photon is a key reaction initiating photosynthesis. In 

photoinduced electron transfer the excited molecule can accept or donate an electron, i.e. 

can be either an electron donor or electron acceptor. The direction of ET is determined by 

the oxidation and reduction potential of the ground and excited state of the D-A pair.  

If the electron from the donor’s lowest unoccupied molecular orbital (LUMO) is 

transferred to the acceptor’s LUMO, oxidative photoinduced ET occurs (oET), (2): 

D* + A  D·+ + A·-       (2) 

If the donor transfers the electron from its highest occupied molecular orbital 

(HOMO) to the acceptor’s HOMO when A is in the excited state, reductive photoinduced 

ET (rET) is observed (3): 

D + A*  D·+ + A·-       (3) 

In both cases a radical cation and a radical anion are formed (Figure 8). 
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Figure 8. Schematic representation for oxidative (oET) and reductive (rET) 

photoinduced electron transfer. 

 

The electronic coupling HAB that leads to the transfer mixes the diabatic states that 

define the potential with the electron on the donor or on the acceptor in the region of their 

crossing (Figure 9). If the mixing is strong, there is substantial electronic coupling of the 

reactant pair (2HAB; HAB >> kBT) and the process is adiabatic. The rate of transfer can be 

described by equation 4: 24 

         (4) 
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Figure 9. Schematic representation of free energy cross section of two electronic states in 

adiabatic (left) and nonadiabatic (right) reactions. A and C denote nuclear coordinates for 

the equilibrium configuration of the reactants R and products P, respectively; B refers to 

the nuclear configuration at the intersection of the two potential-energy surfaces 

(transition state).  

 
A nonadiabatic ET reaction is characterized by weak electronic interaction between 

the reactant and product at the transition state (HAB << kBT). Following the Franck-

Condon approximation, the coupling is directly related to the strength of the electronic 

interaction between D and A, and is expected to drop off exponentially with the 

separation between donor and acceptor orbitals (equations 5). 

 

         (5) 

Where  β is exponential decay constant and |H0|2 is electronic coupling element at the 

contact distance R0 for the donor and acceptor. 

The rate of nonadiabatic ET can be described by the Marcus’ theory of electron 

transfer25,26. 
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Marcus Theory 

Quantum mechanical treatments of electron transfer follow the Golden Rule 

(equation 6) expressing the ET rate as a product of an electronic coupling and the Franck-

Condon weight density of states (FC): 

 

         (6) 

FC characterizes the nuclear motion along the reaction coordinate that accompanies the 

ET event. Marcus evaluated this expression for the transfer rate and showed that, when 

the molecular vibrations of the reactant and the product required for the molecule to reach 

the transition state are treated as harmonic oscillators, kET can be expressed by coupling 

the matrix HAB, the free energy of reaction ΔG° and the reorganization energy λ (equation 

7): 

(7) 

Where the free energy of activation has a quadratic dependence on the ΔG° (equation 8): 

         (8) 

 The energy of nuclear reorganization λ required for system to reach the intersection is 

composed of the solvation (λs) and vibrational (λi) components (equation 9). 

         (9) 

In a two- sphere model of reactants the solvent reorganization energy can be estimated 

with the help of the Born equation (equation 10):  

         (10) 
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where rA and rD are the effective radii of the donor and the acceptor and RDA is the donor-

acceptor separation, εstatic and εopt = n2 are the static and optical dialectric constants, 

respectively, Δe is the transferred charge and ε0 is the permittivity of vacuum. The 

internal reorganization energy can be expressed by equation 11: 

         (11) 

          

where fi
r is the jth normal mode force constant of the reactants and fj

p that of the products,  

Δqj is the change in equilibrium value of the jth normal coordinate. The internal 

reorganization energy is usually small compared to the external component and is often 

determined by computing the energy difference between the two equilibrium geometries 

of the molecule in its final and initial state.  

The total reorganization energy (λ12) can be also obtained from the reorganization energy 

for self exchange reactions (λ11 and λ22 ) (equation 12): 

         (12)   

Where λ12 is the reorganization energy for transition state and λ11 and λ22 are the 

reorganization energy for self exchange reactions. 

Empirically, the dependence of the ET rate constant on the donor – acceptor separation 

RDA (center to center) can be expressed by equation 13, where k0 has a maximum value 

close to the frequency of a single molecular vibration (kBT/h)≈1×1013 s-1. 27 

         (13) 

Where         (14)  
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Figure 10. Driving force dependence of nonadiabatical ET rates predicted by the 

semiclassical Marcus theory. 

 
 

The Marcus equation (7) shows the nonlinear behavior expected for the dependence 

of the electron transfer rate kET on the reaction free energy (Figure 10). At low driving 

forces, ET rates increase when the driving free energy of the reaction −ΔG0 increases and 

−ΔG0 < λ. This “normal” or Arrhenius like behavior only holds for the region in ΔG0 until 

a maximum rate is observed for −ΔG0 = λ. As the driving free energy increases and 

become greater than λ, the ET rate decreases. This regime is known as the “inverted 

region”. The inverted behavior means that extra vibrational excitation is needed to reach 

the curve crossing as the acceptor well is lowered. Inverted region kinetics for 

bimolecular ET reaction is rare mainly due to the limiting influence of the diffusion rate 

of the reactants on the effective reaction rate. The schematic representation of free energy 
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surfaces of the reactant (R) and products (P) for nonadiabatic reactions in described 

regions is shown in Figure 11. 

 

Figure 11. Reactant – product potential energy surfaces for ET reactions. 

1.5 Energy Transfer 

Another crucial process essential for biological reactions is the energy transfer. 

Electronic energy can be transferred by at least three mechanisms: potentially long - 

range simultaneous electron transitions in donor -acceptor pair, where energy is 

transferred over distances 10-100 Å due to dipole-dipole interactions (FRET); a short –
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range (<10 Å) electron exchange between the donor and acceptor molecular orbitals 

(Dexter) and radiative energy transfer, which involves sequential donor emission and 

reabsorption of the photon by the acceptor. The general scheme of these processes is as 

follows (15): 

D* + A  D + A*      (15) 

Singlet-singlet (SS) energy transfer can proceed by all three of these mechanisms. 

Triplet-triplet (TT) energy transfer in which electronic transitions of both the donor and 

the acceptor are spin forbidden is driven only by Dexter mechanism. Examples of the 

overall spin-forbidden triplet-singlet (TS) energy transfer are known, but are relatively 

rare.28, 29, 30 

Förster resonance energy transfer 

Förster resonance energy transfer (FRET) is a spectroscopic process by which 

energy is passed nonradiatively between molecules. When the donor chromophore (D) is 

excited by incident light and its emission spectrum overlaps with the absorption 

wavelength of an acceptor (A), the excited state energy from the donor may transfer to 

the acceptor through dipole-dipole coupling (Figure 12).31  

 

Figure 12. Schematic representation of Förster resonance energy transfer (FRET). 
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As a consequence of this process the donor fluorescence intensity and excited state 

lifetime decrease, and the acceptor becomes electronically excited. If the acceptor is 

fluorescent it may then emit a photon of light. If the acceptor is not a good fluorophore, 

the energy is dissipated as heat through vibrational relaxation.  

 

The rate of the energy transfer is determined by the distance between the donor and 

acceptor (equation 16),32 

            (16)   

where R0 is the Förster radius, which is the distance at which FRET is 50% efficient. It 

depends on the orientation factor κ2, the donor quantum yield ΦD, the D-A spectral 

overlap J and the refractive index n of the medium (equation 17).33 

(17)   

The efficiency of energy transfer (E) depends on the donor-acceptor distance, R, 

with an inverse 6th-power law (equation 18): 

         (18)   

   

where τ0 and τ is the donor lifetime in the absence or in the presence of acceptor, 

respectively (τ0=1/(kr+knr); τ=1/(kr+knr+kT)) and kr and knr are the rate coefficients for 

radiative and non-radiative deexcitation. 34 

Since FRET is a sensitive method to study long range processes within or between 

molecules, is used extensively to measure the distances between the dyes attached to 

molecules, to study conformational changes in proteins or in the analysis of 

intermolecular interactions.31, 33 
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Triplet-triplet energy transfer 

While FRET occurs within 100 Å, the exchange interaction or Dexter mechanism 

occurs via overlap of electron clouds and requires collision between the molecules. In 

these process the excited donor transfers its electron from the lowest unoccupied 

molecular orbital (LUMO) to the acceptor’s LUMO, while the acceptor transfers an 

electron from its highest occupied molecular orbital (HOMO) to the donor’s HOMO 

(Figure 13). Both HOMO and LUMO of the acceptor must be within the HOMO-LUMO 

gap of a donor to allow such an electron transfer process.  

 

Figure 13. Schematic representation of exchange energy transfer.  

 

Dexter energy transfer is a short-range phenomenon that decreases with e-R and 

depends on spatial overlap of donor and quencher molecular orbitals.  

The energy transfer rate is given by Dexter equation 19: 

(19) 

 

where JD is the normalized spectral overlap between donor emission and acceptor 

absorption spectra, K is related to the specific orbital interactions such as overlap 

dependence on specific orientation of D* and A, R is the edge to edge displacement 
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between the donor and acceptor and L is the average van der Waals radius. 35, 36,37 If the 

donor and acceptor are weakly coupled, the Dexter mechanism exhibits features similar 

to nonadiabatic electron transfer with the rates following the Golden Rule (equation 6). It 

has been experimentally proved by Closs et al.38,39 that the electron exchange energy 

transfer can be treated as simultaneous two electron transfer. As a result, the coupling 

matrix HAB and consequently the energy transfer rate have an exponential dependence on 

the RDA similar to that described by Marcus (equation 14). In contrast to electron transfer, 

triplet energy transfer does not involve a major redistribution of charges between the 

donor and the acceptor. As a result, the magnitude of the solvent reorganization energy 

λsol is very small, typically smaller than 5 kcal/mol40. On the other hand, the magnitude of 

λi associated with the S0�T1 transitions is much larger, hence these values dominate the 

overall reorganization energy in triplet transfer.   

Similarly as in ET, the steepness of the exponential decay of coupling matrix HAB is 

captured by the coupling constant (β) for TT with respect to RDA. Since the TT reaction is 

a simultaneous electron and hole transfer, the coupling constant βTT can be treated as the 

sum of the electron and hole coupling constants (βHT + βET). Closs et al.38, 39 measured the 

reaction rates of TT and ET for D-bridge-A systems and found that the βET values are 

about two times smaller that the obtained βTT. Recent computational studies of Subotnik 

et al.41 evaluated the Closs et al. experiments and have showed that the theoretical 

coupling constant nicely agrees with the experimental data.  
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1.6 Transfer mechanisms 
 

Studies of charge and energy transfer in donor-bridge-acceptor (D-B-A) systems 

have demonstrated two general transport mechanisms: strongly distance-dependent 

single-step tunneling and weakly distance-dependent multistep hopping (Figure 14), in 

which energy, an electron or an electron hole can transiently be localized, so the 

reaction is broken into several tunneling steps. The dominant mechanism is 

determined by the arrangement and electronic properties of the redox centers. 

 

 
Figure 14.  Two possible mechanisms for electron and triplet energy transfer reactions: 

single step tunneling from donor D to acceptor A with a reaction rate kT (green path) or 

multistep hopping onto H with a reaction rate kH1, from which the charge is transferred to 

A with the transfer rate kH2 (purple path). ΔG is the free energy change for the reaction 

between the donor and acceptor, while E is the energy gap between the donor and the 

intermediate states H.  

 
Activating the hopping mechanism requires matching the energy levels of the donor 

and the intermediate states (H). In this case an electron from the donor reduces the bridge 

states first and then the electron is forwarded to the acceptor. In this case, electron 

transfer rates may demonstrate weak dependence on distance. In situations when the 

transient reduction of the bridging medium is thermodynamically impossible, a tunneling 
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mechanism that exponentially depends on distance becomes important for electron 

transport. ET tunneling over to distance greater than the direct interaction between D and 

A (R>10 Å), can be described by a superexchange model. The superexchange model was 

formulated by McConnell, who described the overall electronic coupling (HDA) in a 

system, in which the donor (D) and acceptor (A) are separated by n identical repeat units 

(H).  In this model, HDA depends on electronic couplings between the donor and the first 

bridging unit (hDH), between adjacent bridging units (hHH), and between the last bridging 

unit and the acceptor (hHA) as well as on the energy gap (ΔE) between the donor and 

intermediate states Hi,, (20).42   

         (20) 

 

Because in cases of intermolecular electron transfer in solution, the positions of D 

and A are not restricted by a covalent bridge, Beratan and Onuchic developed a 

generalization of the McConnell superexchange coupling model. They accommodated the 

structural complexity of a protein matrix, in which the medium between D and A is 

decomposed into smaller subunits linked by covalent bonds, hydrogen bonds, or through-

space jumps. Each contact is assigned a coupling decay value (єC, єH, єS) and the total 

coupling of a single pathway is given as a repeated product of the couplings for the 

individual links (21): 

         (21) 

where εH, εS, εC  are the coupling‐decay factors for hydrogen bonds, van der Waals 

contacts, and single covalent bonds respectively.43,44 
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Gray and Winkler compare the tunneling and hopping mechanisms in proteins. 

They considered two-step hopping: 

       
 
This model predicts a biological electron-transport chain (ΔG°DA=0) reaction with a 

single endergonic step. In the case when ΔG°DH= -ΔG°HA and rDH= rHA, shown in Figure 

15, the charge transport up to 20 Å is much faster through single step tunneling, but over 

this range electron flow transport is facilitated by a hopping mechanism. 

Recently Voityuk has formulated expressions for the threshold barrier, which may 

be useful to predict the ET mechanism in natural and artificial redox systems. Following 

Gray and Winkler, he considered two-step hopping but in these cases the rate of the 

back ET A→H is negligibly small (kH-2 is set to be zero). 45  He has shown that the ET 

mechanism can be determined using three quantities ΔE, ΔG, and RDA and by calculating 

the crossover barrier EC for a system, where EC= (ΔG/2) + (3/4)kBTβRDA. According to 

this model single-step tunneling will be operative when the energy gap ΔE between D 

and H is larger the EC (ΔE > EC), while hopping will dominate when ΔE < EC. 

Importantly, since both ET and TT transfer can be treated as electron transport reactions 

as express by the Marcus equation, the same mechanisms and models can be applied in 

analyzing those transfer reactions. 46, 47, 48 
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Figure 15. The distance dependences of the rates of single-step and two-step electron 

tunneling reactions at room temperatures. The solid line indicates theoretical distance 

dependence for the single-step, ergoneutral (ΔGRP=0) tunneling process (β= 1.1 Å). 

Dashed lines indicate distance dependence calculated for two-step ergoneutral tunneling 

(D H A) with the indicated free-energy changes for the D H step.48 
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Chapter 2.  Phosphorescence Quenching Studies of 
Zinc Substituted Cytochrome P450 

 

Metal substitution of heme proteins is widely applied in the study of biologically 

relevant electron transfer reactions. The most popular class of redox active proteins 

which allow modifications facilitating the study of ET reactions are heme proteins such 

as cytochromes. They are excellent model systems because they are naturally involved in 

electron transport and the spectroscopic and redox properties of heme group can be easily 

manipulated. Due to large spin-orbit coupling the native iron-containing heme dissipates 

the excitation energy through rapid radiationless transitions which leads to extremely 

short excited state lifetimes in the femtosecond range.49 Consequently, native heme 

proteins are not very good targets for photoinduced electron transfer investigations. In 

order to overcome this problem various methods were developed to exchange the metal 

in the prosthetic group. The replacement of iron by diamagnetic zinc at the porphyrin 

(PP) center dramatically changes the photophysics of the enzyme. Proteins containing 

zinc porphyrins (ZnPP) exhibit both fluorescence (nanoseconds) and long lived 

phosphorescence19 (milliseconds at room temperature in deoxygenated solutions). Studies 

on Zn-substituted cytochrome c (ZnCC) and myoglobin (ZnMb) have shown that the 

exchange of iron (II) to zinc (II) porphyrin does not alter the conformation of these 

proteins.21 Importantly, the singlet and triplet excited states of zinc substituted proteins 

are able to accept or donate electron from good acceptors or donors, thus maintaining the 

key redox properties of the native protein. Thanks to their emissive nature, they are 

amenable to highly sensitive single photon counting techniques, which permit kinetic 

studies over a very broad range of concentrations and time scales. Optical spectroscopy 
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experiments on Zn-substituted cytochrome c and its modified variants laid the 

fundamental groundwork for the understanding of electron transfer dynamics in proteins. 

Zinc substitution of cytochrome P450 open opportunities to study electron and energy 

transfer processes in this enzyme as well.  

Replacement of the heme moiety in cytochrome P450cam by ferriprotoporphyrin IX, 

as well as manganese, cobalt and zinc substitutions of cytochrome P450cam were 

reported.50,51,52,53,54  The primary challenge in these substitutions arises because the heme 

is not covalently bound to the backbone of cytochrome P450, nevertheless, it appears to 

play an significant role in maintaining the overall structure of the properly folded 

enzyme. This liability leads to poor substitution yields and the presence of non-native 

conformers in the reconstituted protein. The metal substitution in cytochrome P450 

involves first the complete removal of the heme from the enzyme which is then replaced 

by a zinc protoporphyrin IX. The Gunsalus group, which established the substitution 

method, performed the heme removal and replacement by iron protoporphyrin IX to 

check the quality of the substituted enzyme and has shown that the FeP450 exhibits an 

absorption spectrum and same enzymatic activity similar to the native form.51  

P450 is an important member of the heme monooxygenase family which catalyzes a 

vast variety of processes including drug metabolism, carcinogenesis, degradation of 

xenobiotics, the biosynthesis of steroids, lipids and secondary metabolites.55 The 

camphor metabolizing cytochrome P450cam isolated from Pseudomonas putida is the 

most widely utilized representative of this group and very often serves as a model for 

other cytochromes P450 since all shares a common protein fold. Cytochrome P450cam 

consists of 414 amino acids with a molecular weight of 46,600 Da. Its triagonal – prism 
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structure is predominately helical consisting of 12 α-helices, named A- L, and five β-

sheets. The protein core is formed by a four-helix bundle composed of three parallel 

helices, D, L, and I, and one antiparallel helix E. The active site, heme, is confined inside 

the protein pocket formed by the distal I-helix and proximal L-helix and ligated by a 

cysteine residue 357.  The substrate entry channel includes the F, G helices, FG loop and 

Bo helix, folds over the heme and I helix to place the substrate close to heme center and 

is dominated by hydrophobic amino acid residues which are responsible for the substrate 

coordination.56  

 

Figure 16. Structure of cytochrome P450cam in the presence (pink) and absence (blue) of 

camphor: a) side and b) upper view. Molecular surface representation of P450 showing 

the open (c) and closed (d) conformation (PDB: 3L63, 3L62).57 

 

b a 

c d 
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A recent report by Goodin et al.57, who determined the X-ray structure of the native 

P450cam in the presence and absence of camphor, has shown that the protein displays 

dynamic behavior and exhibits different structures when it binds its partner (Figure 16). 

The substrate-free protein exhibits a more open structure with the access channel exposed 

to the solvent while upon the binding of camphor the protein adopts a tighter, closed 

structure, in which the access channel narrows and restricts the ingress and egress of 

substrates. The presence of the open conformation was previously postulated by Gray et 

al. and Goodin et al. on the basis of their work on the ligation of native P450cam to 

synthetic “molecular wires”58, 59, 60,61 and suggested that conformational dynamics and 

plasticity play an important role in P450 substrate access and recognition.  

 

Figure 17. Edge-on (A) and stereoscopic view (B) of the the P450cam heme region bound 

to camphor with neighboring aliphatic and aromatic residues important for the protein-

substrate hydrophobic contacts.62 
 

The channel leading from the protein’s surface to the active site near the heme is 

approximately 22 Å deep.58 Camphor is located at the end of this active pocket 5.3 Å 

a b 
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away from the porphyrin center where it is stabilized via a hydrogen bond formed 

between carbonyl its moiety and the hydroxyl group of Tyr96. Additionally, a number of 

hydrophobic amino acids located inside the channel such as Val295, Val247, Leu244 and 

Phe87 play a role in substrate binding via van der Walls contacts (Figure 17).   

Cytochrome P450cam has a specific binding site for potassium ion in the B0 helix 

which is required to drive the formation of the characteristic high-spin state of the heme 

Fe+3 upon substrate binding. The presence of K+ enhances camphor binding and increases 

the stability of the enzyme, but high concentration of K+ alone does not induce any 

change in the open conformation. This suggests that K+ binding is not sufficient to drive 

the closure of the active site channel in the absence of camphor. Thus the ordering of the 

B0 helix and K+ coordination appear to be driven by substrate binding.63 

 

Figure 18. Model of the specific complex between Pdx (yellow) and cytochrome P450cam 

from Pochapsky et al.64 
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To perform its function, the monooxygenase reaction, the enzyme requires a 

multienzyme system composed of putidaredoxin (an iron-sulfur protein), putidaredoxin 

reductase (a flavoprotein) and NAD(P)H as the electron supplying components. 

Putidaredoxin (Pdx) binds to the proximal surface of cytochrome P450cam enabling direct 

electron transfer from the [2Fe–2S] cluster to the heme (Figure 18). This association is 

driven primary via electrostatic attraction and involves formation of a salt bridge between 

the negatively charged group of Asp38 in Pdx and Arg112 in the positively charged patch 

of cytochrome P450.65  

The catalytic cycle of cytochrome P450 cam is presented in Figure 19.66 In the 

resting state the enzyme is six-coordinated and holds a water molecule as a distal ligand 

(1) while the ferric (FeIII) five d-electrons occupy the lower MOs leading to a low spin 

species (LS). The appearance of the substrate (RH) inside the protein’s active channel 

causes water displacement and generates the five-coordinated ferric species (2). These 

cause the iron to buckle out of the porphyrin’s plane and consequently, the five d-

electrons prefer to occupy the d-block in a high spin (HS) fashion. This complex becomes 

a good electron acceptor and is easy reduced by the reductase domain, the 2Fe-2S 

ferrodoxin putideredoxin (Pdx), to form the HS substrate bound ferrous (FeII) complex 

(3). This form is a good dioxygen binder, which triggers O2 binding and leads to 

production of the LS ferrous-dioxygen complex (4). This form accepts another electron 

from Pdx and become the twice reduced ferric-dioxo spicies (5). Importantly, while the 

first electron can be accepted from any donor with the appropriate reduction potential, the 

second electron transfer specifically requires the presence of Pdx for full activity. As a 

good Lewis base, the ferric dioxo complex undergoes protonation and accepts two 
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protons prior to the release of a water molecule from the oxyferyl radical cation species 

(7). The high-valent iron oxo complex (FeIV) transfers the oxygen atom to the substrate. 

The hydroxylated substrate is released from the protein pocket, which triggers water 

ligation.  

 

Figure 19. The catalytic cycle of cytochrome P450. 

Since the heme spectrum is sensitive to environmental changes and ligation, each 

state exhibits different absorption maxima. In the substrate free P450 the protein channel 

is filled by water and the enzyme absorb the maximum light at 417nm. The camphor-

bound enzyme possesses a characteristic absorption spectrum with a maximum at 392 nm 

for the ferric form and at 409 nm when iron is in its ferrous state. Importantly, in the 
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presence of carbon monoxide the protein (Fe+3) exhibits so called hyper spectrum with a 

characteristic Soret band at 450nm and hyper band around 370 nm.  

 
Figure 20. Electronic absorption spectra of ZnP450 (solid curve) and ferric P450cam 

(dashed line). Inser: Circular dichroism obtained by Morishima et al.54 

 
 

The replacement of heme with a zinc protoporphyrin IX by Morishima et al. 

resulted in the formation of Zn-substituted cytochrome P450 (ZnP450) with unusual for 

Zn-proteins photophysical properties.54 The spectrum of ZnP450 has very similar features 

as the native cytochrome P450 bound to carbon monoxide with a maximum at 450 nm 

(Figure 20) which indicate sulfur ligation to the Zn-porphyrin in the enzyme. In order to 

confirm that the metal substitution in P450cam does not perturb the protein structure 

Morishima et al. measured the CD spectra of ZnP450. The α-helical content was 45% 

and 50% for P450cam and ZnP450, respectively, which indicate that the zinc substitution 

only slightly perturb the protein secondary structure.  
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The hydrophobic nature of the protein channel favors organic ligand association 

inside the active pocket. Such positioning puts the binding partners in sufficiently close 

proximity to facilitate electron and energy transfer processes. The ligands for the study of 

photoinduced electron and energy transfer in ZnP450 were chosen based on their redox 

and structural properties. The first group contains small redox partners (Figure 21). The 

acceptors, small quinones, are involved in numerous redox reactions in natural biological 

systems, albeit in nature they often carry lipophilic side chains.67 The donors, ferrocene 

and its derivatives, are strong reductants known to be capable of transferring electrons to 

the excited states of other zinc substituted proteins.68  

The size of these ligands is comparable to camphor and as a consequence they 

should bind to the Zn-substituted protein in a very similar fashion, leading to efficient 

reductive (ferrocenes) and oxidative (quinones) electron transfer quenching of the excited 

state of ZnP450cam. 

 

Figure 21. The quenchers selected for the study of photoinduced electron transfer 

properties of ZnP450cam. 
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The quenchers from a second group selected for these studies (Figure 21) possess 

the long aliphatic tethers which vary in length, structure and electrochemical properties. 

Coenzymes Q2 and Q4, as the derivatives of coenzyme Q10, which serves as an electron 

carrier in the cellular electron transport chain,69 should easily accept electrons from the 

protein. The water soluble ferrocene derivative, FTMA, should be able to donate an 

electron to the excited protein as well. The long hydrophobic chains which they carry 

should fit and stabilize them inside the protein hydrophobic pocket, and place them close 

to the active center, as was previously observed in the conformational studies of P450cam 

with “molecular wires”.59 The association between ZnP450 and the ET ligands was 

probed spectroscopically by monitoring the protein absorption and emission spectra.  

   The distance dependence of ET reaction as well as triplet-triplet energy transfer 

(TT) can be used to estimate the separation between the donor and acceptor in a manner 

similar to FRET. For that purpose FRET is employed extensively in biophysical or 

biochemical analysis31, 70  but only few reports can be found where TT has been applied 

to examine interactions in biological systems. The technique has been utilized mainly to 

evaluate intramolecular attractions between two attached chromophores or between a 

donor attached to protein and its tryptophan or tyrosine residue.71, 72, 73 Here we explore 

TT studies in biosystems and present examples of intermolecular triplet energy transfer 

reactions between a zinc substituted cytochrome P450 and TT acceptors associated close 

to protein active center.  Among the TT quenchers selected for these studies (Figure 22) 

small ligands as well as substrates with long hydrophobic chain can be found. The 

thermodynamic and spectroscopic properties of these compounds and ZnP450 disfavor 

FRET of ET reactions but support TT energy transfer. Since only association inside the 
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protein channel provides D-A separation small enough for TT reactions, any changes 

observed in protein triplet states imply electron exchange between zinc porphyrin and the 

ligand associated inside the protein pocket. As in case of ET reactions, the association 

between ZnP450 and TT quencher was probed by the phosphorescence lifetime of 

3ZnP450. 

 

Figure 22. Quenchers selected for the TT energy transfer study.  

2.1 Materials and methods 

Materials: The escherichia coli vector containing CYP101 was a gift from Prof. 

S. G. Sligar. Culture media were prepared at Genentech’s media preparation facility. 

Isopropyl β-D-1-thiogalactopyranoside (IPTG), dithiothreitol (DTT) and 5-

aminolevulenic acid were purchased from Pro-Omega. Ni-NTA agarose was obtained 

from Qiagen Inc. Zinc protoporphyrin IX, d-camphor, β-mercaptoethanol (BME), 

ferrocene (Fc), 1,1'-ferrocenedicarboxylic acid (Fc(COOH)2), benzoquinone (BQ), 

chloranil (CQ) duroquinone (DQ), coenzyme Q2 and Q4, azulene (Az), cycloheptatriene 

(CHT), 1,6-diphenyl-1,3,5-hexatriene (DPH), 1,8-diphenyl-1,3,5,7-octatetraene (DPO), 

and retinal (ReA) were purchased from Sigma Aldrich Co, dodecyl trimethyl ammonium 

chloride (TMA), β- carotene (bC) from Fluka while 11-
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ferrocenyltrimethylundecylammonium bromide (FTMA) from Dojindo Laboratories. 

Deuterium oxide (99.9%) was obtain from MP Biomedicals, LLC. 

Expression and Purification of 6xHis-tagged Fe-cytochrome P450cam was 

done following the Sligar et al. protocols.74 The purified protein solution was dialyzed for 

about 6 hours against a 200 µM camphor solution containing BME (1.4 ml/L) prior to 

lyophilization. The lyophilized P450cam was stored at -20°C. 

The Zn-Substitution of Cytochrome P450cam: The Zn-substituted 

cytochrome P450cam was prepared as described by Gunsalus et al.51,52 and later by 

Morishima et al.54 with small modifications during the protein purification. Briefly: 

100mg of P450cam was dissolved in 15ml of ice-cold 0.1 M histidine solution (pH 7.8). 

Next, the pH of the protein solution was lowered to 2.7 on ice by 1.0 M HCl. To extract 

the heme, an equivolume of 2-butanone was added to the protein solution. The aqueous 

apoprotein solution was collected and dialyzed against 2 L of 0.6 mM NaHCO3 

overnight. The apoprotein was subsequently dialyzed against 2 L of 0.1 M histidine 

containing 40% (v/v) glycerol overnight. This process reduced the volume of the 

appoprotein solution. The dialyzate was purged with purified argon gas, after 2h 1M 

dithiothreitol (DTT) was added to the apoprotein in equivolume to give a final 

concentration of 20 mM DTT. After another hour an equal volume of previously 

degassed 0.1M histidine solution containing 10% saturated camphor was added using a 

gas-tight syringe and then 5 mg of Zinc porphyrin IX dissolved in 0.5 ml DMF were 

added dropwise to the apoprotein solution. The mixture was purged with argon for 

another 48 h at room temperature. The solution was concentrated to about 5 ml using 

Amico Ultra centrifugal filter devices and then purified by double HPLC (Figure 23).  



 

 

43 

The crude ZnP450 was purged first by ProteinPak column (Waters Inc.) for the 

HPLC system equilibrated against buffer containing 40 mM potassium phosphate, 0 to 1 

mM d-camphor, pH = 7.8, to remove the unbound porphyrin. The collected protein 

fractions were subsequently purified by the HiprepQ ion exchange HPLC column. The 

sample was loaded onto the column in 40 mM potassium phosphate, 0 to 1 mM d-

camphor, pH = 7.8, and eluted with a linear 0-400 mM KCl gradient in 40 mM potassium 

phosphate, 0 to 1 mM d-camphor at pH = 7.8. The protein was eluted with ~150 mM 

KCl. Finally, the purified protein was dialyzed against 40 mM potassium phosphate, 0 to 

1 mM d-camphor, pH = 7.4, overnight. All manipulations of the ZnP450 were performed 

in the dark.  

 
Figure 23. HPLC system: Waters 1525 Binary HPLC Pump with integral vacuum 

degasser performs with a maximum operating pressure of 4000 psi, has two pump 

channels, A and B and is equipped with the Waters 2996 UV-Vis Photodiode Array 

Detector (PDA) capable of recording the spectrum of the eluted sample from 190 nm to 

800nm with 1.2 nm resolution. The injected sample is purified on the HPLC column and 

then the fractions are collected using Waters Fraction Collector III. The system is 

controlled by EmpowerPro software. 
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Figure 24. UV-vis spectra of the HPLC fractions resulting from the protein substitution 

performed as described in the Material and Methods section. Main fractions collected for 

the measurements contained a mixture of F420 and F450 (HPLC_HP_6-20), in which the 

F450 was the dominant form. 

 
The complete set of the UV-vis spectra acquired during a typical HPLC separation 

of the products of the zinc substitution of P450cam is shown in Figure 24. The main 

fractions collected for measurements contained the mixture of F420 and F450 

(HPLC_HP_6-20), where the F450 was the dominant form. Repeated attempts to 

completely separate these two forms from one another were not successful. In all cases 
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both conformers were present, however, it was possible to collect fractions which 

contained primarily F420 (HPLC_HP_36-41), which were followed by the unfolded 

protein fractions with the characteristic Soret band at 412 nm. Because the fractions 

which contain primarily F420 are present in the elution only in low concentration and 

since they may contain the unfolded protein with a closely lying Soret band at 412 nm, 

this part of protein was not used for the electron transfer studies.  

Sample preparation for ET studies: The appropriate amount of quencher 

was dissolved in 40 mM potassium phosphate, 0.1 mM d-camphor pH = 7.4 buffer 

(standard buffer) and mixed with equal volume of 2-10 µM ZnP450. Because of low 

solubility, the ferrocene (Fc) was introduced to the protein solution at its saturated 

concentration. Additionally, in order to increase the quencher concentration, the quinones 

were first dissolved in few µl of DMF. In each case, the reference sample of the ZnP450 

was suspended in the same buffer as the samples containing the quencher. For the isotope 

effect experiments the purified protein solution was concentrated to minimal volume and 

then dissolved in deuterated buffer to give the final ratio H2O:D2O = 1:35. The 

F420:F450 ratio in the samples used for the electron transfer studies was kept close to 

1:2. 

Instrumentation and spectroscopic methods: Absorption spectra were 

recorded using Cary 500 Scan UV-Vis NIR spectrophotometer. Fluorescence, 

phosphorescence and triplet lifetime measurements were carried out using Varian Cary 

Eclipse Fluorescence Spectrophotometer (Figure 25, Table3) following excitation at 420 

nm or 450 nm. 
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Figure 25. Schematic diagram of UV-vis spectrometer (upper scheme) and a 

spectrofluorometer (lower scheme). 

 
 
Table 3. Instrument settings for Varian Cary Eclipse Fluorescence Spectrophotometer 
Parameters  Fluorescence Phosphorescence Lifetime 
Excitation λ, nm 420, 450 420, 450 420, 450 
Emission λ, nm 460 - 800 550 - 900 590, 768 
Excitation slit, nm 5 5 5 
Emission slit, nm 10 10 20 
Detector voltage, V 800 1000 1000 
Scan rate, nm/min 120 - - 
Total decay time, ms - 20 - 
Decay time, ms - 0.2 0.10 
Gate time, ms - 5 0.05 
Averaging time, ms 500 100 - 
Data interval, nm 1.0 1.0 - 
Number of cycles - - 100 (×3) 
 

The differences in the photophysical properties of F450 and F420 allow the analysis 

of both species in parallel by changing excitation wavelengths. If the sample containing 

both forms was excited at 450 nm only the triplet state of F450 was observed, but when it 

was excited at 420 nm, the phosphorescence and delayed fluorescence of F420 as well as 

the triplet state of F450 were seen. Because the phosphorescence of F450 (a maximum at 

768 nm) overlaps the phosphorescence of F420 (maximum at 732 nm) the 3F420 was 
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monitored at the delayed fluorescence peak at 590 nm (Table 3). Additionally, time 

resolved measurements helped to distinguish the observed component. The decay kinetics 

of the 3F450 was fit satisfactorily with a single exponential function, however the decay 

of 3F420 was analyzed as biexponential function, where one component had a lifetime 

characteristic of 3F450.  

Time-resolved fluorescence experiments were carried out using a noncollinear 

optical parametric amplifier (NOPA) as the excitation source and a photodiode as the 

detector (Figure 26). NOPA was pumped by a home-built multipass Ti:sapphire amplifier 

operating at a 1.25 kHz repetition. The samples were excited at 420 or 450 nm. The 

emitted photons passed through 590 ± 10 nm or 670 ± 10 nm bandpass filters and were 

detected by a Hamamatsu photodiode (H5783-01) recorded by the PCS-150 modules 

(Becker & Hickl GmbH) with the synchronization provided by a high speed avalanche 

photodiode APM-400-N (Becker & Hickl GmbH). The obtained fluorescence signals 

were convoluted with a system response function. The data were analyzed using an 

Origin software package. Attempts to deconvolute the response signal were ineffective, 

as a result the system response signal was convoluted with the number of single 

exponential functions with a known lifetime and compared with the signal spectrum. 

 

Figure 26. Set-up for the time-resolved fluorescence experiments. 
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Data analysis and MO calculations:  The total reorganization energy in an 

electron transfer reaction consists of the medium component resulting from the 

rearrangement of the solvent dipoles around the new distribution of charges and the 

internal or vibrational reorganization, associated with the structural relaxation of the 

product states. Born theory can be applied to estimate the upper limit for the solvent 

reorganization energy for the donor and acceptor (equation 10).75, 38, 39, 76, 77,  

λsol = (e2/4πε0)·(1/2rD + 1/2rA – 1/RDA)·(1/εopt – 1/εstatic) 

where rA and rD are the effective radii of the donor and the acceptor and RDA is the donor-

acceptor separation, εstatic is the low frequency (dc) dielectric constant of the solvent and 

εopt = n2 is the optical dielectric constant of the intervening medium. All other symbols 

have their standard meaning. λsol reaches maximum at infinite donor-acceptor separation, 

RDA→ ∞ . Since the terms are additive, the contributions of the donor and the acceptor 

can be evaluated separately.  

The internal, or vibrational, reorganization energy for the donor or acceptor was 

calculated at the B3LYP DFT level with the 6-31G* basis set (Spartan ’06). We followed 

the standard procedure of first calculating the unrelaxed energy of the product species in 

the optimized geometry of the neutral species and then allowing the product species to 

relax.  The overall reorganization energy of the quencher is λsol + λvib.  

Since the self exchange reorganization energy of ZnP450 has been assumed to be 

1.2eV by Morrishima et al.54 the reorganization energy of this enzyme is λZnP450)/2.   

The nuclear reorganization energies for TT reaction associated with the S0↔T1 

transitions in the donor and acceptors were calculated at the AM1 level. To obtain the 

reorganization energy of a triplet energy acceptor, its T1 energy was first calculated in the 
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frozen geometry of the S0 state, which subsequently was allowed to relax to the optimum 

triplet geometry. The reorganization energy of the energy donor (ZnPP) was obtained by 

first calculating the S0 energy in the frozen optimized geometry of the T1 state and then 

allowing it to relax to the S0 optimum. All calculations employed Spartan 06. 

 

2.2 Results and discussion 

Spectroscopic characterization of ZnP450 
 

UV-Vis measurements of the purified ZnP450 revealed that the substituted protein 

exists as a mixture of two forms, F450 and F420 (Figure 27). The main product of the 

Zn-porphyrin substitution, form F450, which was described by Morishima et al.54 

exhibits a red shifted Soret band at 449 nm and an intense hyper-band at 367 nm. Such 

hyper-bands are characteristic of the zinc porphyrin derivatives after ligation with thiol 

ions (Chapter 1, Table 2). The second form, F420, displays the expected photophysical 

properties that are consistent with other zinc substituted heme proteins which all show a 

Soret band in the vicinity of 420 nm. Gaussian line shape fitting locates the maximum of 

the F420 Soret band at 424 nm, i.e. remarkably close to that of ZnCC (Appendix 1).   
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Figure 27. Absorption spectra of two fractions of zinc substituted cytochrome P450cam 

collected at different elution times. The fraction containing primarily form F420 is shown 

in blue, fraction containing form F450 in red.  

 

Similarly, the fluorescence spectrum of form F420 has the appearance that is 

characteristic of zinc substituted heme proteins, with maxima at 592 nm and 646 nm. In 

contrast, the fluorescence of the F450 is considerably red shifted, with maxima at 606 nm 

and 667 nm (Figure 28, Appendix 2).  Both forms exhibit delayed fluorescence. Form 

F420 has weak phosphorescence at 723 nm with a long lifetime of approximately 7-14 

ms, depending on the preparation and experimental conditions, characteristic also for 

other zinc proteins.16 The phosphorescence of form F450 at 768 nm is much more 

intense, probably at least in part as a result of the large S1-T1 gap and hence slower 

repopulation of the S1 state. Excitation at 450 nm produces exclusively the F450 T1 state 

and as a result the phosphorescence decay is purely monoexponential, with τF450 = 1.67 

ms (Figure 29).   
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Figure 28. Fluorescence (left) and phosphorescence (right) spectra of ZnP450cam 

fractions collected at different elution times. Emission spectra of fraction containing 

primarily form F420 excited at 420 nm are shown in blue, emission spectra of fraction 

containing form F450 excited at 450 nm is shown in red.  

 

Due to the spectral overlap excitation at 420 nm always leads to a mixture of the 

F420 and F450 triplet states. As a consequence, the resulting phosphorescence decay is 

biexponential and consists of a major 10 ms component that belongs to the form F420, as 

well as a minor short-lived F450 contribution with the aforementioned τF450 = 1.67 ms. 

The unusually short triplet state lifetime at room temperature and the large S-T splitting 

found for form F450 are not consistent with the other Zn-substituted cytochromes. In 

contrast, the S-T gap as well as the triplet lifetime of form F420 is very similar to those of 

ZnCC (Table 1). 
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Figure 29. The triplet-state lifetimes measured on a 1:2 mixture of forms F420 and F450 

of ZnP450cam excited at 420 nm (blue) and 450 nm (red) and monitored at 590 nm and 

768 nm, respectively. The amplitudes at t = 0 were normalized. 

 

Table 4. Absorption and emission maxima of zinc substituted heme proteins: F450 and 

F420 – the forms of zinc substituted cytochrome P450; ZnCC- zinc substituted 

cytochrome c; ZnMb- zinc substituted myoglobin. The most relevant wavelengths are 

highlighted in boldface. 

    Absorption Flq (S) Pha (T) S-T gap 
nm 367 449 568 602 607 669 768 -- 

F450r  cm-1 27200 22300 17600 16600 16500 14900 13000 3500 

nm 340 424 551 584 592 641 723 -- 
F420r, s  cm-1 29900 23800 18200 17100 16900 15600 13800 3100 

nm 346 423 549 584 591 644 726 -- 
ZnCCt  cm-1 28900 23600 18200 17100 16900 15500 13800 3100 

nm 356 428 553 595 595 647 735 -- 
ZnMbu cm-1 28100 23400 18100 16800 16800 15500 13600 3200 

                                                
q Abbreviations used in this table: Fl – fluorescence; Ph – phosphorescence. 
r This work 
s The F420 is more sensitive to environmental changes, few nm shifts (± 2nm) in 
absorbance spectrum was observed if the pH or ionic strength changed. 
t H. Anni, J. M. Vanderkooi, and L. Mayne Biochemistry 1995, 34, 5744-5753. 
u S. Papp J. M. Vanderkooi, Owen, C. S., Holtom, G. R., and Phillips C. M. Biophys. J. 
1990,  58, 177-186. 
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We determined that the initial ratio of F420/F450 depends on the concentration of 

camphor during the exchange of the prosthetic group (Figure 30). The substitution was 

performed in the presence of different camphor concentration (0 – 1 mM) and under all 

conditions that we have explored, the F450 is more abundant. The F420 content was 

higher at lower camphor concentrations. The ratio F420:F450 changed from 1:2.8 to 

1:1.4 when camphor was eliminated from all buffers used in substitution. The F420:F450 

ratio in fractions used for the electron and energy transfer studies was kept close to 1:2. 

In this case substitution was performed in the presence of 0.1 mM camphor. The amount 

of form F450 changed if additional camphor was introduced to the protein solution which 

was substituted and processed without camphor (Figure 31). Goodin et al.57 similarly 

observed that redissolving a crystal of the “open conformation” of the native P450cam 

yielded a mixed solution of P420 and P450. The resulting equilibrium was shifted if 

additional camphor was introduced into the solution. On the other hand, F450 to F420 

conversion was observed when imidazole was present in the protein solution. The 

structure of the wild-type P450cam crystallized with imidazole is very similar to the 

substrate-free conformation,78 which suggests that the F420 is the open, substrate-free 

analog of native P450cam while F450 is the closed, camphor bound form (Figure 16). 
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Figure 30. HPLC results for ZnP450 substituted in the absence (left) and presence (right) 

of camphor. 

 

 
Figure 31.  Left: absorption spectrum of ZnP450 after equilibration for 3 hours in the 

presence and absenceof camphor and K+ ions. Right: F450 to F420 conversion upon 

binding with imidazole. 

 
In order to learn more about the conformers of ZnP450cam, the magnitude of the 

solvent deuterium/hydrogen isotope effect on the triplet lifetime was measured. Since the 

prosthetic group in P450cam is located deep inside the protein channel, the magnitude of 

the isotope effect should reflect the ligand and solvent accessibility of the zinc porphyrin. 

Upon the H2O to D2O exchange an increase in triplet lifetime was observed for both 

forms (Figure 32, Table 5).  
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Table 5. Triplet state decay rates and deuterium isotope effects measured for both forms 

of ZnP450cam. 

  kH2O [s-1] kD2O [s-1] kH2O/kD2O 
F450 602  484  1.24 
F420 96  73  1.32 

 

Figure 32. Normalized decay kinetics of 3ZnP450cam in H2O and D2O solutions of 40 

mM KPi, 0.1 M camphor, pH = pD = 7.4, excited at 420 and 450 nm. As explained in the 

text, the F420 traces contain a small F450 contribution at early times. 

 
The decay of 3F450 was somewhat less affected (kH2O/kD2O = 1.2) than that of 3F420 

(kH2O/kD2O = 1.3) suggesting that the active site of F420 is more readily accessible to the 

solvent. This can mean that either the substrate channel in F450 is partially collapsed, or 

that the access to the porphyrin is blocked by an axial ligand coordinated to the Zn center.  

The earlier mentioned large bathochromic shift and the appearance of an intense hyper-

band in F450 are also consistent with the presence of a strongly coordinating ligand in the 

axial position. It should be mentioned that both in the case of F420 and F450 the 

magnitude of the isotope effect is smaller than when the zinc porphyrin is fully exposed 
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to the solvent, as observed by Winkler et al.,79 who for chemically denatured Zn-

cytochrome c  obtained kH2O/kD2O = 1.5. 

Electron transfer reaction between ZnP450 and small organic ligands 
 

Having demonstrated the existence of two forms of ZnP450cam we used 

photoinduced electron transfer to evaluate the redox activity and ligand binding ability of 

forms F420 and F450. Since depending on the redox properties of its partner, 3ZnP450cam 

can act either as an electron donor or acceptor it was possible to examine electron transfer 

from and to the triplet state of the protein. The general reaction scheme for the oxidative 

(21) and reductive (22) electron transfer quenching is shown below:  

3ZnP450 + A  ZnP450+· +A-·       (21) ;   
3ZnP450 + D  ZnP450-· + D+·   (22) ;  

The selected acceptors, benzoquinone, duroquinone and chloranil form complexes 

with the protein and efficiently quench the phosphorescence of 3F450 and 3F420 (Table 6, 

Figure 33).  Time-resolved photon counting measurements show that for all the acceptors 

the quenching is much more rapid for F420 than for F450. In both cases the measured 

rates follow the expected driving force dependence and increase with increasing driving 

force, suggesting that the ET reactions lie in the Marcus “normal region”.   

Additionally, the presence of the acceptors causes changes in the protein absorption 

spectrum around 420 nm, which reflect the alteration of the immediate vicinity of the 

porphyrin (Figure 34). The changes are accompanied by a major decrease in the 

fluorescence intensity of F420 but much less so in the case of F450 (Figure 35, Table 7). 

The possibility that the observed reduction of fluorescence is due to Förster energy 

transfer can be excluded because quinones do not absorb light at the emission 
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wavelengths of F420 or F450. It is much more plausible that the lowering of the 

fluorescence yield is caused by fast electron transfer from the singlet state, which 

effectively competes with the intersystem crossing. Because of the limited time resolution 

of our photon counting setup, we were not able to fully resolve the fluorescence 

quenching dynamics.  

 

Table 6.  The thermodynamic parameters and the measured electron transfer reaction 

rates of both forms of 3ZnP450cam.  

  Ered  [V]v ∆G0  kET [s-1] 
F420 + DQ -0.43 2.0 × 103 

F450 + DQ 
 -0.49w 

-0.32 4.0 × 102 
F420 + BQ -0.75 5.9 × 103 

F450 + BQ 
 -0.16w 

-0.64 8.2 × 102  
F420 + CQ -1.08 1.6 × 104 

F450 + CQ 
  0.32w 

-0.97 7.0 × 103 

  Eox  [V]v   
F450 + Fc 0.24 0 
F420 + Fc 

0.55x 
0.13 3.6 × 103 

F450 + Fc(COOH)2 0.33 0 
F420 + Fc(COOH)2 

0.64y 
0.22 2.0 × 102 

 

                                                
v Potentials versus normal hydrogen electrode. 
w A. P. Darmanyan, and W. S. Jenks,  J. Phys. Chem. B 1999, 103, 3323-3331. 
x T. Kuwana, D. E. Bublitz, and G. Hoh, J. Am. Chem. Soc. 1960, 82, 5811-5817. 
y D. Quaranta, R. McCarty, V. Bandarian, and C. Rensing, , J. Bacteriol. 2007, 189, 
5361-5371. 
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Figure 33.  Phosphorescence spectra and normalized decay profiles of ZnP450 (1×10-6 

M) in the presence of quinones (5×10-4 M) excited at 420 (left) and 450 nm (right) at pH 

= 7. 4 Note that the phosphorescence of F420 is almost completely quenched in the 

presence of acceptors and that the residual emission observed upon 420 nm excitation 

(top, left) has the characteristics of 3F450 (black line).  

 

 
Figure 34. Changes in the appearance of the UV-Vis spectra upon addition of quinones 

(5×10-5 M) to ZnP450 (1×10-6 M). 
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Figure 35.  Fluorescence spectra of ZnP450cam (1×10-6 M) excited at 420 nm and (left) at 

450 nm (right) in aerated solution in the presence of quinones (5×10-5 M) at pH=7.4.  

 

Table 7. Normalized fluorescence intensity of forms F420 and F450 in the presence of 

quinones. 

  I/I0 
F420 1 
F420+DQ 0.74 
F420+BQ 0.34 
F420+CQ 0.15 
F450 1 
F450+DQ 1.03 
F450+BQ 0.92 
F450+CQ 0.84 

 
In addition to the oxidative ET quenching by the quinones, we also investigated the 

reductive quenching of the F420 and F450 triplet states by strong electron donors.  The 

interaction of the photoexcited F420 with ferrocene and its more soluble derivative, 

ferrocene dicarboxylic acid, results in efficient reductive quenching of the protein triplet 

state. (Table 6, Figure 36).  
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Figure 36. The results of reductive quenching of the excited state of ZnP450cam (1×10-6 

M ) in the presence of electron donors (saturated solution of ferrocene and 1.5×10-4 M 

solution of Fc(COOH)2 in 40 mM KPi, 0.1 mM camphor at pH = 7.4):  (A) Absorption 

spectrum of ZnP450cam;  (B) phosphorescence spectrum of ZnP450cam excited at 420 nm; 

(C) phosphorescence decay of ZnP450cam excited at 420 nm and monitored at 590 nm; 

(D) phosphorescence decay of ZnP450cam excited at 450 nm and monitored at 768 nm.  

 

In contrast, no quenching at all was observed for 3F450 in the presence of the same 

donors. These results could be explained by the difference in the driving force between 

the 3F450 and 3F420 reactions (both reductive ET reactions are slightly endothermic). 

However, the driving force in the 3F420+Fc redox pair is nearly identical to the 

F450+Fc(COOH)2 pair. While in the first case the ET reaction is quite efficient, in the 

second one electron transfer does not proceed at all. This indicates that not only the 
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thermodynamic parameters but also other factors, such as the active site accessibility and 

the distance between the Zn-porphyrin and the redox partner, play a role in the quenching 

of the triplet state of the ZnP450’s conformers. Indeed, if we use the Marcus equation to 

evaluate the D-A distance between the ferrocene and the zinc porphyrin in the form F420 

we obtain separations of 7.6 to 8.3 Å for ferrocene and Fc(COOH)2, respectively. 

Naturally, such estimates are very sensitive to the driving force (Table 6), as well as the 

values of the total reorganization energy λtot and the distance attenuation factor β, which 

in our calculation were set to 1.1 eV and 1.1 Å.   

It is worthwhile to point out that Fülöp et al80 determined the crystal structure of an 

interesting post-translationally modified P450cam bearing a covalently tethered ferrocene 

moiety, which was shown to fold deep into the substrate channel of the enzyme, with the 

closest part of ferrocene located 5.3 Å from the heme group,1 corresponding to the Fe-Fe 

distance of approximately 7 Å, i.e. in a good agreement with our rough estimate based on 

the kinetics of the reductive electron transfer reaction. 

The two conformations of ZnP450 exhibit widely differing electron transfer 

dynamics with the same redox partners. In the case of ZnP450_F420, the ET behavior is 

consistent with the binding of small hydrophobic redox partners deep inside the access 

channel of the enzyme, while the behavior of ZnP450_F450 suggests only a loose 

association with the ligand.  Furthermore, form F420 exhibits the typical photophysical 

characteristics of other Zn-porphyrin proteins, including Zn-cytochrome c and 

myoglobin.  The spectral properties and ET activity and of form F450 agree very well 

with the observations Morishima et al,54 who found, very surprisingly, that the zinc 

substituted P450cam did not at all undergo excited state ET reactions with small organic 
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redox ligands with dimensions similar to camphor.54 Based on those results it can be 

concluded that form F420 corresponds to the open structure of the native cytochrome 

P450cam, while form F450 has a closed or partially closed channel that is characteristic of 

the camphor-bound cytochrome P450cam. 

Bidirectional photoinduced electron transfer studies of zinc 
substituted cytochrome P450cam with tethered ligands  
 

The structural investigations of cytochrome P450 have shown protein 

conformational diversity in the presence of “wire ligands”.58,59 In these complexes, the 

protein displays more open structure compared to the camphor-bound stage similar to the 

protein conformation when it is weakly ligated with a water molecule. Spectroscopic 

evaluations of ZnP450 suggest structural changes also in the zinc substituted cytochrome 

P450cam upon ligation of compounds possessing long hydrophobic tethers as coenzymes 

or FTMA (Figure 37 and 38). In the presence of selected ET ligands the protein 

absorption around 420 nm is enhanced and at the same time the one at 450 nm is reduced. 

As a result the fluorescence emission and excitation spectrum of the F420 change as well. 

The addition of coenzymes CoQ2 and CoQ4 increase the fluorescence intensity of F420, 

while FTMA causes decrease and 3 nm red shift in the 1F420. 

 

Figure 37. Protein absorption changes induced by the quenchers. 
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Figure 38. The quenching results for ZnP450cam (1×10-6 M ) in the presence of tather 

ligands (5×10-5 M) in 40 mM KPi, 0.1 mM camphor at pH = 7.4):  (A) The absorption 

spectrum of ZnP450; (B) Fluorescence excitation of ZnP450, emitted at 590 nm; (C) 

Fluorescence emission spectra of ZnP450 (1×10-6 M) excited at 420 nm and (D) at 450 

nm in the presence of FTMA, CoQ2 and CoQ4 (5×10-5 M) at pH=7.4.  

 

In addition, the conformational conversions were monitored by titration of FTMA, 

which is much more soluble in aqueous buffers than coenzymes Q2 and Q4, or by 

titration of dodecyl trimethyl ammonium chloride (TMA) (Figure 39). In both cases as 

the substrate concentration increases in protein solution the absorption around 420 nm 

grows while diminishes at 450 nm indicating a transition from F450 to F420 structure.  
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Figure 39. Titration of ZnP450 by FTMA (upper row, left) and TMA (upper row, right) 

in 40 mM KPi, 0.1 mM camphor at pH = 7.4, absorption differences (ΔA) of 

ZnP450+FTMA and ZnP450 at 426 and 450 nm and the spectrum of ZnP450 after 

equilibration with 0.35 mM FTMA (bottom).  
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Figure 40. Titration of FeP450 by FTMA (left) and TMA (right) in 40 mM KPi, at pH = 

7.4, with 1 mM camphor (FeP450cam, upper row) or without camphor (FeP450, middle 

row); absorption differences (ΔA) of FeP450 and FeP450+FTMA at 392 and 417 nm 

(lower row, left) and the spectrum of FeP450 with (_Cam) or without (_noCam) 

camphor, as well as in the presence of 0.4mM K+ ions (_CamK) in 40 mM KPi, pH=7.4 

(lower row, right).  
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The same titrations were also repeated for native P450 (FeP450) and as expected, 

the absorption at 392 nm, characteristic for camphor bound 5chs species, decreases while 

that at 418 nm, related to open 6cls FeP450, increases in the presence of FTMA or TMA 

(Figure 40). 

 

Figure 41. Normalized decay kinetics of 1F420 (1×10-6 M), excited at 420 nm and 

emission monitored at 590 ±10 nm in the presence of quenchers (5×10-5 M).  

 

Although the singlet state of F420 was affected by all three quenchers, time 

resolved measurements of the protein singlet state displayed a reduction of the 1F420 

lifetime only in the presence of FTMA (Figure 41, Table 8, and Appendix 3). The shorter 

lifetime and lower fluorescence intensity in the presence of this substrate, as well as the 

fluorescence increase by coenzymes suggest some structural rearrangement due to 

ligation close to protein active site of F420 and confirm ligands association inside the 

protein channel. 
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Table 8. Fluorescence lifetime of F420 (when excited at 420 nm) and F450 (when 

excited at 450 nm) estimated by fitting to convoluted reference sample (± 0.1ns) with 

single exponential functions (Supporting information, (Appendix 6, 7). 

 Fluorescence lifetime [ns] 
 F420 F450 
ZnP450 1.2 0.3 
ZnP450+FTMA 0.8 0.3 
ZnP450+CoQ2 1.2 0.3 
ZnP450+CoQ4 1.2 0.3 

 

Figure 42. Normalized emission decay profiles of 2×10-6 ZnP450 in the presence of 

FTMA. CoQ2 and CoQ4 (5×10-5 M) when excited at 420 nm, with emission monitored at 

590 nm (left) and when excited at 450 nm and emission monitored at 768 nm (right) at 

pH=7.4. 

 

The fluorescence decay of 1F450 as well as phosphorescence lifetimes of F450 was 

unchanged in all studied complexes (Table 8, Figure 42 and Appendix 8). The minor 

decrease in emission intensity of F450 as a result of absorption changes (450nm↓and 420 

nm↑) upon the addition of coenzymes or FTMA imply ligation with F450 and 

conformational conversions of this form to the more open structure, the same as is also 

formed in F420 in the presence of these quenchers (Figure 43). 
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Figure 43. Ligand association with ZnP450. Both forms F420 and F450 display the same 

conformation upon ligation with a tether-bearing partner. 

 
Due to the fact that ZnP450 associated with a quencher possesses similar spectral 

feature as the open form of ZnP450, the F420, all further presented results were obtained 

by excitation at 420 nm. Spectroscopic characterization of ZnP450 in the presence of 

redox inactive TMA (Appendix 5) indicates that association of a tether-bearing substrate 

inside the protein’s channel alter the absorption spectrum, but does not change the 

phosphorescence lifetime, which is the same as in the sample without a quencher.  

 

Figure 44. Concentration dependence of electron transfer kinetics of 3F420 (1×10-6 M) 

with FTMA, CoQ2 and CoQ4 at pH=7.4. Ligand structures and the tether lengths are 

shown on the right. 
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More detailed ET studies of protein triplet state were performed in various 

quenchers’ concentrations (Figure 44). These data allow one to estimate maximum 

reaction rates (kET), association constants (Ka) and corresponding binding energies (E) for 

protein-quencher complexes (Table 9). 

The traces in Figure 44 exhibit sharp initial increase of the quenching rate with the rising 

concentration of the quencher followed by a plateau. The increase is faster than would be 

observed for a diffusion controlled process, indicating ligand’s association with the 

protein. In spite of the fact that the F420+CoQ2 complex is thermodynamically more 

stable than F420+FTMA, the determined maximum reaction rate in the presence of CoQ2 

was almost two times slower than with FTMA. Moreover, FTMA appears to bind F420 

more strongly than the coenzymes with the association constant Ka = 1.3 ×105 M-1 and 

corresponding binding energy of 7.1 kcal mol-1. The coenzymes CoQ2 and CoQ4, which 

vary from one another in the chain length by about 10 Å, display similar ET kinetics with 

slightly higher binding energy in the case CoQ4. This can be explained by the longer 

chain and consequently larger hydrophobic area which is able to interact with the 

protein’s active channel.  

 
Table 9.  Experimental rates, association constants, binding energies and thermodynamic 

parameters for the electron transfer reaction between 3F420 and the quenchers: FTMA, 

CoQ2 and CoQ4. 

  ΔGº [eV] Ka [M-1] E [kcal mol-1] kET [s-1] λTot [eV] RDA [Å] 
F420+FTMA  0.23 1.3 ×105 7.1 3.2 ×103 1.1  5.8 
F420+CoQ2 -0.62 6.9 ×104 6.6 1.5 ×103 1.2 18.1 
F420+CoQ4 -0.62 8.7 ×104 6.7 2.8 ×101 1.2 21.7 
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The reactions rates obtained from the photoinduced ET measurements and the 

classical Marcus equation were used to estimate the donor-acceptor distances (RDA) and 

consequently binding preferences for the ligands. The value of the attenuation coefficient  

β of 1.1 Å-1 was determined by Gray et al.48 on the basis of ET measurements on FeIII-

cytochrome c with electron donors covalently attached to specific sites on its surface. The 

magnitude of the reorganization energy for the ligand-protein complexes, λ = λsol + λi 

was based on MO calculations and Born theory of solvation (Materials and Methods).  

 

Figure 45. The relevant molecular orbitals participating in the ET reactions with ZnP450: 

HOMO of FTMA and LUMO of CoQ2 and CoQ4. 

 

In the native P450cam camphor is separated from the heme by about 4.3 Å.81  Fülöp 

et al.,80 who determined the crystal structure of P450 with the covalently attached 

ferrocene, showed that the closest part of ferrocene is located 5.3 Å from the heme, 

corresponding to Fe-Fe distance of about 7 Å. Our results suggest 5.8 Å separation 

between F420 and FTMA, which is consistent with the value obtained by Fülöp et al. 80 
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As was shown in Figure 45, the relevant molecular orbitals participating in the ET 

reaction with F420 are located on the ligand “head” groups. The fact that the tail in the 

FTMA is 20Å long and the calculated distance between Fe in FTMA and Zn from the 

porphyrin is less than 6 Å, indicates that this substrate enters the protein channel head-

first, so the redox-active ferrocene is positioned close to the protein active site. On the 

other hand the 18 Å and 22 Å distances obtained for the coenzymes CoQ2 and CoQ4, 

respectively, imply opposite orientation, with the hydrocarbon “tail” entering the channel. 

The smaller RDA separation in the F420 + CoQ2 pair suggests deeper than with the CoQ4 

penetration onto the protein’s channel. The illustration of ligand binding to ZnP450 is 
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Figure 46. Proposed binding preferences of FTMA (left), coenzyme CoQ2 (middle) and 

coenzyme CoQ4 (right) to ZnP450 deduced from the ET results.  

 
These binding preferences show that substrates are favored to enter the channel 

from their more hydrophobic side. If the quinones would associate with the protein from 

the head side- like FTMA does, both coenzymes should have very similar ET rates, both 

of which should be considerably higher than in the case of FTMA because of much larger 

driving force.  Moreover, some changes in protein fluorescence lifetime should be seen as 

well as it was previously observed when the small quinones quenched the ZnP450 in the 
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direct vicinity of the active site (Figure 35, Table 7). The preferred orientation of FTMA 

does not come as a surprise, since one would expect that cationic tetraalkylammonium 

terminus to be more stabilized by the aqueous medium than by the hydrophobic pocket of 

the protein. However, the strong preference for the “tail-first” binding of coenzymes 

could not by as readily predicted and underscores the subtle nature of the protein ligand 

interaction.  

Triplet - triplet energy transfer reactions of zinc substituted 
cytochrome P450cam 

 

Figure 47. Energy levels of the triplet (ET) and singlet (ES) states of the selected 

acceptors and the F420 and F450 forms of ZnP450.82 

 

Figure 47 shows the energy levels of selected acceptors to illustrate the 

thermodynamic feasibility of TT energy transfer from 3ZnP450 to triplet states of these 
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quenchers. The TT energy transfer is possible from F420 as well as F450, thus 

spectroscopic properties of both forms were evaluated in the presence of these substrates. 

The TT ligands quenched only the triplet state of F420 with the highest reaction rate of 

5.6×103 obtained in the presence of azulene (Figure 48, Table 10 and Appendix 9).  

 

Figure 48. TT energy transfer results for 3F420. 
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Figure 49. Absorption differences (ΔAb) of ZnP450+quencher subtracted from reference 

spectrum of ZnP450 

Figure 50. Fluorescence spectra of ZnP450 excited at 420 (left) and 450nm (right) in the 

presence and absence of triplet energy acceptor. 

As in previous ET studies, the quenchers affect the protein absorption and emission 

spectra. In the presence of energy acceptors the absorption around 420 nm increases 

while the one at 450 nm is reduced (Figure 49).  Additionally, some changes in the 

fluorescence intensity of F420 and minor alteration in 1F450 are seen as well (Figure 50). 

In the case of DPO, DPH and β-carotene, the fluorescence of F420 is intensified while in 

the presence of retinal the emission of 1F420 is suppressed. In all cases these suggest 

some changes close to porphyrin center of F420. Since the triplet- triplet energy transfer 
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(TT) occurs via overlap of electron clouds, these spectral variations indicate ligand 

associations in the direct vicinity of protein active site. 

The temperature dependence studies of protein triplet state in the presence of 

quencher indicates temperature dependents of electron exchange energy transfer and 

linear decrease of ln(kTT) versus 1/T, as shown in Figure 51 for F420+Az complex. 

Figure 51. Temperature dependent triplet energy transfer in the F420+Az complex. 

 

As in ET, the rate of TT may be described by the nonadiabatic Marcus formalism 

and can be expressed by coupling matrix element V, free energy of reaction ΔG° and the 

reorganization energy λ. In contrast to electron transfer, triplet energy transfer does not 

involve a major redistribution of charges between the donor and the acceptor. As a result 

the the solvent reorganization energy λsol is much smaller, less than 5 kcal/mol.83 We 

have assumed that it constitutes about 10 % of total reorganization energy and used the 

average value of the internal reorganization energy for the entire set of donors and 

acceptors, λsol ≈ 0.1eV. On the other hand, the magnitude of λi associated with the 

S0↔T1 transitions is much larger and dominates the overall reorganization energy in 

triplet transfer.  The total reorganization energies for each F420-triplet acceptor complex 

are summarized in Table 10. Since the TT reaction is a simultaneous electron and hole 
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transfer, the distance decay constant βTT is a sum of distance decay constant for these 

processes (βHT +βET).38,39 With this in mind, if the distance decay constant in 

biomolecules is close to 1 Å-1,45 it can be concluded that the distance decay constant for 

the protein- triplet acceptor will be doubled, βTT = 2 Å-1. The center-to-center donor-

acceptor separations calculated based on this approximation are shown in Table 10. 

 

Table 10. Energy transfer rates (kTT), ΔG°TT and donor-acceptor separation (RDA) for 
3F420 –triplet energy acceptor complexes. 

 kTT [s-1] ΔG°TT [eV] λTot [eV] ln (V[eV]) RDA [Å] 
F420+Az 5.6 ×103 -0.03 0.86 -10.48   6.7 
F420+CHT 2.9 ×102 -0.07 1.32 -10.02   6.4 
F420+An 2.1 ×102 0.12 0.92 -10.26   6.5 
F420+AnCOOH 3.4 ×102 0.11 0.90 -10.24   6.5 
F420+DPH 4.8 ×101 -0.18 1.29 -12.01   8.4 
F420+DPO 2.9 ×101 -0.35 1.38 -13.18   9.6 
F420+ReA 2.2 ×102 -0.45 1.51 -12.13   8.6 
F420+bC 1.7 ×102 -0.81 1.72 -13.63 10.1 
 

The obtained results divide examined quenchers into two groups: for Az, CHT, and 

anthracene derivatives the triplet transfer occurs in 6 -7 Å range, while complexes of 

DPO, DPH, ReA, bC with F420 have the RDA close to 8 - 10 Å. In the case of small 

cyclic compounds the obtained results clearly imply association in a manner similar to 

the protein’s natural partner. The distances obtained for the long wire like ligands can be 

explained by examining on ligand’s spin density.  
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Figure 52. Spin density distribution in retinal molecule (A); retinoic acid association 

inside the hydrophobic channel of cytochrome P450 (CYP120A1), PDB: 2VE384  and (C) 

propose ligand association with ZnP450: DPO with its spin density (orange) inside the 

protein hydrophobic channel (PBD: 3L62). 

 
The relevant electrons density is delocalized quite uniformly along the entire length 

of the tether (Figure 52A). As a result, the coupling is very effectively mediated by the 

chain from either end of the acceptor. In this respect they are very different from the 

coenzymes, in which the charge was well localized on the quinine. If we look at the 
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structure of native cytochrome P450 (Figure 52B) crystallized in the presence of retinoic 

acid determined by Schlichting et al.84 we notice that those orbitals are about 7-14 Å 

away from the porphyrin center, which qualitatively agree with our calculations (Figure 

52C).  What is interesting, that in contrast with the coenzymes, in which the head group 

is slightly polar, retinal binds “head-first”, i.e. in opposite orientation than the 

coenzymes, once again, pointing to a very delicate balance of interactions between the 

protein and the ligand. 

More detailed analysis of these data leads to additional conclusions. The coupling matrix 

for F420-triplet acceptor complex calculated from the experimental rate and Marcus 

equation (Table 10) is higher for small triplet acceptor than for tether ligand, as shown in 

Figure 53.  

 
 
Figure 53. The logarithm of (V/V0) versus donor- acceptor separation (RDA). 
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If the distance dependence of coupling matrix HAB is given by equation 23: 

         (23) 

where the RDA is expressed as (R-R0), R is the edge-to-edge distance between the 

porphyrin of ZnP450 and triplet acceptor, H0 is the coupling matrix element for a donor-

acceptor pair at van der Waals separation. When H0 is the value of H0 then R=R0, which 

has been here defined to be 3.67 Å. 

By looking at the acceptor spin distributions, and its ΔG°TT, it could be also 

conclude that ReA will bind to F420 in similar manner as bC, and DPH more like DPO, 

which is not observed. These results suggest that the length of a tether chain in quenchers 

and at the same time the range of hydrophobic interactions between the probe molecule 

and the enzyme are the key factors that influence ligand association inside the protein 

hydrophobic channel. 

 

2.3 Conclusions 
Spectroscopic investigation of carefully and repeatedly purified ZnP450 revealed 

the existence of two forms of substituted cytochrome P450cam, form F450 and F420, 

which possess different photophysical and photochemical properties. While it is difficult 

to draw definitive conclusions about the structure of forms F420 and F450 on the basis of 

time resolved electron transfer experiments, the existence of two conformers with district 

spectroscopic signatures is consistent with the recent findings of Goodin et al.57 who 

obtained X-ray structures of two forms of the native cytochrome P450cam. Our 

spectroscopic and quenching results on ZnP450cam correlate form F420 with the substrate 
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free, more open and flexible conformation of the native P450cam, while form F450 

appears to be more similar to Goodin’s “closed” conformation of the enzyme.   

Conformer F450, which has been the subject of an earlier electron transfer study, 

has an abnormal spectrum containing a red shifted Soret band and a strong hyper-band.12 

The hyper-band is characteristic of sulfur ligation to ZnPP and is indicative of cysteine 

ligation to the ZnPP in F450. The short lifetime of the T1 state of F450 is also consistent 

with strong axial ligation. In contrast, variant F420 exhibits the classical spectroscopic 

properties and triplet excited state lifetime that are typical of other zinc substituted heme 

proteins such as Zn-cytochrome c and myoglobin.  

The photoinduced electron transfer experiments of ZnP450 with small ligands 

display different ET behavior of the studied protein conformer, which is most striking in 

the case of ferrocene, which is the bulkiest among the studied redox partners. The 

oxidation of ferrocene is mildly endoergic for both F420 and F450 triplet states, yet in the 

case of F420 it proceeds with a rate of   3.6×103 s-1, while in the case of F450 it cannot be 

detected at all. Similarly, only F420 undergoes substantial fluorescence quenching in the 

presence of the quinones, showing that in the case of this conformer the electron transfer 

reaction competes effectively with the short lifetime of the S1 state.  

The ET studies of zinc substituted cytochrome P450cam with ligands possessing 

hydrophobic chains demonstrated that the wire-like ligands induce conformational 

changes in ZnP450 similar to those observed in native P450cam.57,58,61 The bidirectional 

ET studies of 3ZnP450 and the obtained ET rates allowed calculating D-A separations 

which are consistent with X-ray structure determination of related systems and indicate 

that the ligands prefer to enter the channel from their more hydrophobic side. 
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The properties of ZnPP and structure of ZnP450 with the active site located inside 

the long channel make this protein ideal for TT studies. The obtained D-A separations 

calculated from the measured TT rates agree very well with the distances determined 

from the X-ray structures of ligand-bound cytochrome P450, proving that triplet-triplet 

energy transfer can be used in a similar manner as FRET to evaluate short range 

interactions. To our knowledge this is the first example of applying intermolecular TT 

energy transfer to study biological systems.  

The present contribution can be very useful for researchers who are interested in 

employing metal substitution in their studies of electron or energy transfer in 

cytochromes P450, as well for those who are interested in spectroscopic investigation of 

intra or intermolecular interactions. 
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Chapter 3. Electrostatic Docking of a 
Supramolecular Host-Guest Assembly to 
Cytochrome c Probed by Bidirectional Photoinduced 
Electron Transfer 

 

Supramolecular assemblies continue to attract great interest in recent years due to 

their promising application in chemistry and biology.  The concept of incarcerating small 

molecules into larger container compounds was introduced by Cram’s group in the early 

1980-ties.85,86 They synthesized the first carcerand, in whose interior organic molecules 

were trapped as permanent guests.87  A few years later the same group reported a new 

class of container molecules called hemicarcerands which are capable of reversibly 

complexing guest compounds88 and releasing them upon thermal activation, irradiation89 

or under chemical stimulus. Hemicarcerands are closed-shell fully encapsulating hosts.90 

They consist of two bowl-shaped units (cavitands) connected together by linking groups. 

The length of the linkers determines the size of cavity of the hemicarcerand and hence the 

maximum size of the guest that can be trapped inside.91,92 The linkers can be tailored to 

endow the hemicarcerand with the desired properties, e.g. solubility in a particular 

medium or photolability. When guests become imprisoned inside these molecular 

capsules, complexes called hemicarceplexes are formed. They are stabilized by 

“intrinsic” and “constrictive binding energy”.93, 94 Intrinsic binding energy is the standard 

free energy difference due to the encapsulation within the host’s cavity. It consists of 

both attractive and repulsive interactions between the host and the guest, as well as of the 

changes in the solvation energy of both partners. Depending on the balance of these 

interactions, its overall value can be negative or positive.  “Constrictive binding energy” 

on the other hand is the energy barrier associated with the exit of the guest. If the barrier 
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is much higher than kBT, the host-guest complex prepared at high temperature or pressure 

may persist for weeks and behave like a distinct, stable chemical species, even if the 

intrinsic binding energy is positive.  

 

Figure 54. Examples of host molecules: (A) resorcinarene,95 (B) knot,96 (C) 

cyclodextrin,97 (D) cucurbicuril98 (D) hemicarcerands and polyimine capsules made from 

cavitands Cy, and di- (Lx) and triamines T. 99 

 

Hemicarcerands offer much tighter binding than cyclodextrins with ∆G0 values of 

~10 kcal/mol vs. ~4 kcal/mol,100,101 and far more complete protection of the guest from 

contact with the external environment. They are the only carriers that can fully insulate 



 

 

88 

small species such as for example the isotopes of I2, Xe and Rn from the contact with 

biological medium. The size-selectivity of a hemicarcerand is much higher than that of 

liposomes, calixarenes or cyclodextrins. Many host molecules with diverse structures and 

applications were developed over the past decades (Figure 54). Nanoscale capsules large 

enough to accommodate multiple guests102 and self-assembling hydrogen-bonded 

molecular capsules that trap guest molecules in a reversible entropy-driven process were 

synthesized.103 Encapsulation was used both to stabilize short-lived intermediates,104,105 

as well as to accelerate the rates of chemical reactions and to control their regio- and 

stereoselectivity.106,107 The encapsulation within the hemicarcerand prevents damaging 

contact with molecular oxygen and blocks free radical quenching reactions such as 

hydrogen abstraction.108 Moreover, electron and energy transfer mediated by the walls of 

hemicarcerands of different size and composition were investigated in solution109,83,110 

and at interfaces.111 More recently, the use of hemicarcerands in nanodevice 

fabrication112 and in drug delivery113 has been demonstrated.  

In this report we present the application of a Cram-type water-soluble octacarboxy-

hemicarcerand114 (Figure 55) as a “molecular shuttle” capable of transporting 

hydrophobic molecules across the aqueous medium and binding to the target 

biomolecule. The cage contains two aromatic caps joined together by four phthalic acids. 

The eight carboxylic groups solubilize the molecule in the aqueous medium, as well as 

enable the association with basic partners via electrostatic attraction, while the aromatic 

interior provides the perfect hydrophobic shelter with spherical cavity of a diameter 11 Å 

and capacity of about 200 Å3. As a result, the water-soluble hemicarcerand spontaneously 

encapsulates small molecules within its hydrophobic void. Depending on the size and 
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polarity of the guest molecule the host-guest dissociation constants fall in the 10 nM - 

100 µM range, with binding free energies exceeding 10 kcal/mol in favorable cases.  

 

Figure 55. Cram-type water soluble hemicarcerand used in this study. Note four 1,3-

methoxyphenyl linkers flanking the “portals” of the hemicarcerand and eight carboxylic 

group which solubilize it in the aqueous medium, as well as enable the association with 

basic partners. 

 

Figure 56. The X-ray structure of cytochrome c showing the basic lysine residues (blue) 

distributed on its surface (upper row) and the heme (red) axially ligated with histidine and 

methionine residues (orange) (PBD file:1AKK). 
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Figure 57. The mitochondrial electron-transport chain carried out by four inner 

membrane-associated enzyme complexes, cytochrome c and the mobile electron carrier 

ubiquinone (Q). NADH donates electrons to NADH:ubiquinone oxidoreductase (complex 

I). Then complex I transfer its electrons to ubiquinone Q. Ubiquinone can also be reduced 

by electrons donated from several FADH2-containing dehydrogenases, including 

succinate:ubiquinone oxidoreductase (complex II) and glycerol-3-phosphate 

dehydrogenase. Electrons from reduced Q are then transferred to cytochrome c 

oxidoreductase (complex III) by the ubisemiquinone radical-generating Q cycle. 

Complex III transport the electron through cytochrome c to cytochrome c oxidase 

(complex IV) and, finally to molecular oxygen (O2). Electron transfer through complexes 

I, III and IV generates a proton gradient that drives ATP synthase (complex V).115 

 

When cytochrome c associates with the inner membrane of the mitochondrion, it 

plays an essential role in the electron transport chain and is responsible for accepting 

electrons from the b-c1 complex (complexes III) and transfers electrons to the cytochrome 

oxidase complex (complexes IV).116,117,118 In the cytoplasm CC is involved in the 

initiation of apoptosis by binding to the apoptotic protease activating factor (Apaf 1).119  
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Figure 58. Left: Schematic planar projection of the front hemisphere of CC indicating the 

high affinity binding domain for cytochrome peroxidase (orange circle), cytochrome c 

oxidase (dark yellow) with some distances between the heme (red rectangular) and lysine 

residues involved in binding CC’s partners (blue circle);120 Right: The structure of 

cytochrome c-cytochrome c1 complex determined by Lange and Hunte. Note that the 

short edge-to-edge distance (CBC) between cytochrome c and cytochrome c1 is 4.5 Å, 

while the distance between the irons in their heme groups (center-to center) is 17.4 Å.121 

 

The interactions of cytochrome c with its protein partners are driven primary by 

electrostatic interactions. Cytochrome c is positively charged at neutral pH and contains 

19 lysines and 2 arginines versus 12 acidic residues (glutamic or aspartic acid). The basic 

amino acids which are mainly located close to the heme are directly involved in protein 

association (Figure 56, Figure 58).  It was shown by Jain et al. that surface ligands 

containing an appropriate combination of charge and hydrophobic groups associate to 

cytochrome c with higher affinity than the ligands which colligate only through the same 

number of anionic groups.122 The binding between the supramolecular host-guest 

assembly and its partner can rely on a variety of specific and nonspecific interaction. In 

the current system we exploited the electrostatic (ionic) interaction between the eight 
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carboxylic groups of our hemicarcerand and the numerous basic residues present on the 

surface of cytochrome c (Figure 58). The isolelectric point of cytochrome c is 10, while 

the pKa values of the m-phthalic acid “portals” of the hemicarcerand are 3.54 for the 

singly and 4.60 for the doubly deprotonated species, respectively. As a result, both 

partners can exist in a broad range of protonated and deprotonated states and a 

pronounced ionic association between the protein and the supramolecular cage can be 

expected at neutral and moderately basic pH values. It is also important to note the 

comparable dimensions of the cytochrome and the hemicarcerand. The effective radius of 

the former is 14.3 Å, and of the later 7.8 Å. As a consequence of the similar size and the 

flexible surface charge distribution, the association between the hemicarceplex and the 

cytochrome resembles more closely the complex, multivalent interaction between two 

proteins, rather than the binding of a small ligand. 

The hemicarceplex-protein association was monitored by photoinduced electron 

transfer between the encapsulated donor or acceptor and Zn-substituted cytochrome c. 

The heme unit of native cytochrome c can act as an effective quencher in electron and 

excitation transfer experiments, however, due to its extremely short excited state lifetime 

(50 fs or less),49 it is not a very useful light absorbing chromophore. For these reasons, 

Zn-Fe substitution has been used frequently in electron transfer studies on heme 

proteins.123,124,125 NMR structural studies of zinc substituted cytochrome c have shown 

that both zinc and Fe(II) cytochrome c share the same overall structure, including axial 

ligands, environment in the porphyrin vicinity, and the same binding interface with redox 

partners.126 Zn-cytochrome c has a long-lived emissive triplet excited state, whose 

lifetime varies from 7 to 15 ms depending on the preparation and experimental 
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conditions.127,124,128 Furthermore, the 3ZnCC triplet is easily oxidized and 

reduced.129,130,131,132 Therefore, it can act both as an electron donor in ET reactions with 

strong acceptors (quinones, nitro-aromatics) and as an acceptor with easily oxidized 

donors (ferrocene, aryl amines). The measured bi-directional ET rates combined with the 

known distance dependence of electron across proteins allowed us to identify the 

approximate binding region of the hemicarceplex on the surface of the protein. While 

other hosts such as cyclodextrins or cavitands have been used in conjunction with 

biomolecules in the past,133,134,135 the application of a fully encapsulating hemicarcerand 

to deliver both oxidizing and reducing partners to a redox-active protein has not been 

demonstrated. 

 

Figure 59. The encapsulated ligands: electron donors (ferrocene and ruthenocene), 

electron acceptor (duraquinone) and redox inactive guests (adamantane and naphthalene). 

 

The guests used in our study (Figure 59) were selected on the basis of size and 

redox activity. Ferrocene and ruthenocene are good electron donors and their molecular 

volume of 180-190 Å3 is close to the maximum which can be accommodated within the 

cavity of the hemicarcerand. Duroquinone, Vmol = 180 Å3, is a potent electron acceptor, 

while naphthalene and adamantane, which cannot undergo electron transfer reactions 

with 3ZnCC, served as the reference redox-inactive guests. The photophysical properties 
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of the selected guests preclude possibility of ZnCC* quenching by either singlet or triplet 

energy transfer. As a result, any observed emission quenching can be unambiguously 

attributed to electron transfer. In order to better understand the docking of the 

hemicarceplex to the cytochrome and its role in mediating the electron transfer reaction, 

control experiments on 3ZnCC in the presence of free ferrocenedicarboxylic acid, 

sparingly water-soluble quinones and the redox inactive carboxynaphtahalenes were 

performed. Electron transfer quenching of the ZnCC excited state by the protein-bound 

supramolecular host-guest complex was in all instances much faster than it was in the 

case of the corresponding free donors and acceptor in solution.  

 

Figure 60. Schematic representation of: (1) encapsulation of the guest molecule within 

the hydrophobic cavity of octacarboxyhemicarcerand; (2) binding of the complete 

hemicarceplex to the target protein. 
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The general approach used in these studies is presented in Figure 60. First, the 

selected guest was encapsulated inside the hemicarcerand at room temperature and 

equilibrated. Then the desired concentration of the hemicarceplex was equilibrated with 

the zinc substituted cytochrome c. The association between ZnCC and the encapsulated 

guest was probed by electron transfer quenching of the long-lived triplet 

phosphorescence of ZnCC.  

 
 

3.1 Materials and methods 

Materials:  Horse heart Type III cytochrome c, anhydrous CoF2, zinc acetate, 

ferrocene, 1,1’-ferrocenedicarboxylic acid, 1,4,5,8-naphtalenetetracarboxylic acid, 

adamantane, benzoquinone and chloranil were used without further purification. 

Duroquinone was purified by sublimation and recrystalisation. All these chemicals were 

purchased from Sigma Aldrich Co. Ruthenocene was kindly provided by Prof. Frieder 

Jäkle. The octacarboxyhemicarcerand was prepared following the published 

procedure.136 Anhydrous hydrogen fluoride gas was obtained from Matheson Tri-Gas, 

Inc. 

Zinc-substitution of cytochrome c: The first batch of zinc cytochrome c 

was prepared as described by Vanderkooi and Erecinska137,16 by modifications of the 

methods of Flatmark and Robinson138 and Fisher et al.139. Later this method was 

modified. About 6 ml of anhydrous HF was condensed for about 25 min over anhydrous 

CoF2 in a Teflon container of home-build HF apparatus at 77 K. The liquefied HF was 

allowed to evaporate and condense into another Teflon beaker  at 77 K containing 50 mg 

of horse-heart Fe-cytochrome c and a Teflon coated magnetic spin bar. The liquefied HF-
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protein mixture was stirred gently by the magnetic stirrer for about five minutes and then 

the unreacted HF was pumped off into a trap containing CaO. The metal-free protein was 

dissolved in 10 ml of 10 mM phosphate buffer at pH = 7.4 and treated with excess zinc 

acetate at 40 ºC. The reaction was followed by monitoring the disappearance of 

characteristic absorption band of the free base-porphyrin and the emergence of the 

absorption bands of zinc cytochrome c (Figure 61).  

 

Figure 61. UV-Vis spectrum monitored during the metal exchange in cytochrome c.  

 

The reaction was largely completed within 4 hours. The product was dialyzed at 

room temperature against 10 mM phosphate buffer (pH = 7.4) for 3 h and then twice with 

distilled water. The dialyzed protein was purified by HPLC using Water Protein-Pak Diol 

(OH) 10 µm, 19×300 mm column using ammonium acetate (pH = 6.5- 6.7) as the eluent. 

Only fractions with the absorbance ratios A423/A549 > 15.8 and A549/A585 < 2.0 were 

collected and used in the subsequent measurements (Figure 62). The purified protein was 
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then isolated by lyophilization. All manipulations involving zinc-substituted cytochrome 

c were performed in the dark or under minimal light exposure. Protein solutions were 

prepared using 20 mM phosphate buffer (pH = 7 - 10) containing 0.1 M NaCl in 20% 

glycerol. 

Two concentrations of ZnCC were used: All samples prepared to investigate the 

interaction of the protein with the empty cage were 1×10-6 M in the protein, with the ratio 

ZnCC:Cage = 1:100. The initial electron transfer measurements were also performed at 

these concentrations. 2×10-6 M protein samples were used to study the quenching rate 

dependence on the concentration of Fc@Cage and DQ@Cage. The higher protein 

concentration was necessary for the time resolved measurements using photon counter 

and was kept constant throughout these measurements. The ZnCC:Cage ratio was varied 

from 1:1 to 1:50.  

 

Figure 62. UV-Vis spectrum of ZnCC and ZnCC+Cage with ratio 1:10 after purification 

and lyophilization, dissolved in phosphate buffer at pH = 7 to achieve the desired 

concentration. Note that in both samples the A423/A549 > 16.   



 

 

98 

 

Guest encapsulation and binding to the protein: The host-guest 

complex was prepared by adding appropriate amount of the guest’s crystals to aqueous, 

slightly basic solution of the hemicarcerand of known concentration (2x10-4 M, 5x10-5 

M, 2x10-5 M) to get final host-guest ratio 1:1. The encapsulation time depended on the 

guest compound. The reaction was spectroscopically monitored for at least 24 h and 

allowed to fully equilibrate. The resulting mixture was filtered prior to mixing with an 

equal volume of the protein solution (4x10-6 M, 2x10-6 M).  

Photophysical properties: Absorption spectra were recorded using a Cary 

500 UV-Vis NIR spectrometer. Emission spectra were measured with a Varian Cary 

Eclipse fluorescence spectrometer. Spectra were recorded following excitation at 420 nm.  

 

Figure 63. Homebuilt photon counting system with Cube 404 nm diode laser as a 

light source. 

 

Time-resolved phosphorescence experiments were carried out on the Varian Cary 

Eclipse fluorescence spectrometer or using a homebuilt photon counting system which 

employed either a Hamamatsu Xe flash lamp or a  Cube 404 nm (Figure 63), 100 mW 

diode laser  (Coherent) as the excitation source.  The lamp provided ~2 µs wide 

broadband pulses which were filtered by a bandpass filter (427 nm, 10±2 nm FWHM). 
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The duration of the diode laser pulse was varied from 0.5 to10 µs as needed. The emitted 

photons passed through a 550 nm longpass filter and were detected by a cooled R928 

Hamamatsu PMT and counted by a SR400 photon counter (Stanford Research System). 

The system was operated at 40 Hz repetition rate with the synchronization provided by a 

DG535 delay generator (Stanford Research Systems). The solutions for the time-resolved 

and phosphorescence measurements were exhaustively degassed by freeze-pump-thaw 

cycles until no change in the recorded lifetime was observed. 

Data analysis: Time resolved measurements of Zn-cytochrome c emission show 

that the delayed fluorescence exhibits the same lifetime as the 3ZnCC* phosphorescence. 

Therefore, either phosphorescence or delayed fluorescence can be used to monitor the 

triplet lifetime. Since the phosphorescence quantum yield is low, it was more convenient 

and reliable to analyze data recorded at the delayed fluorescence wavelength. The decay 

of 3ZnCC was not a pure single exponential, although it can be fit satisfactorily with a 

monoexponential function. Biexponential fitting revealed the presence of a minor, ~10 ± 

2% component with a considerably shorter lifetime, τ = 1.5 ± 0.5 ms, in all reference 

samples with and without the hemicarcerand. Since the short-lived component accounts 

for only 10% of the overall phosphorescence amplitude, it was decided to analyze the 

kinetic data in terms of a single exponential function. The resulting error is minor.  It 

should be clarified that the ~10% short-lived component in the transient is not 

synonymous with the presence of a 10% impurity in our protein samples. The fixed 404 

nm wavelength of the diode laser lies closer to the absorption maximum of the free-base 

porphyrin (404 nm) rather than of the ZnCC (423 nm). As a result, the contribution of the 

residual free-base CC to the transient is greater than its content in the sample, which on 

 τRT = 20.86 ± 1.77 min 



 

 

100 

the basis of the A423/A549 ratio we estimate at no more than 2%. Throughout the photon 

counting experiments the integrity of the protein was controlled by monitoring 

A423/A549 ratio in the UV-vis absorption spectrum.  We did not observe any growth of 

absorption in the vicinity of 404 nm or spectral shifts which would indicate leaching out 

of the zinc ion or other protein degradation.     

3.2 Results and discussion 

Electrostatic association between Zn-cytochrome c and the 
hemicarcerand  
 

Addition of the empty octacarboxyhemicarcerand to the ZnCC solution induces 

pronounced changes in the position of the absorption and emission peaks, as well as in 

the radiative lifetime of the triplet excited state. These effects confirm that association 

between the supramolecular cage and the cytochrome takes place and leads to the 

modification of the photophysical properties of the latter. At 1x10-6 M cytochrome 

concentration and 1:1 hemicarcerand:ZnCC ratio an approximately 2 nm hypsochromic 

shift of the Soret band of ZnCC is observed. The shift reaches its maximum value of 5 

nm at 30:1 cage:protein ratio (Appendix 10). Smaller, approximately 3 nm blue shifts in 

the fluorescence and phosphorescence spectra of ZnCC were also observed in the 

presence of the empty hemicarcerand. Hypsochromic shifts in the absorption spectrum of 

native cytochrome c were observed upon binding to liposomes and membranes.140,141 

This spectral change was attributed to the alteration in the Zn-porphyrin environment 

brought about by the interaction of the protein with these acidic substrates. A blue shift in 

the phosphorescence maximum of ZnCC bound to cytochrome c peroxidase (CcP) was 
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also reported.142 It was explained in terms of the increased torsion of the porphyrin ring 

upon binding to the peroxidase.  

No changes in the fluorescence intensity and lifetime of ZnCC in the presence of 

the empty hemicarcerand were detected. However, the behavior of the long-lived triplet 

state is significantly altered. A dramatic, more than twofold increase of phosphorescence 

intensity is observed upon binding of the hemicarcerand to the protein, with a parallel 

decrease in the triplet lifetime (Figure 64). It could be argued that the increased 

phosphorescence intensity is due to the protection from residual quenchers, e.g. O2, 

offered by the bulky cage bound to the surface of the protein. However, if this were the 

case, a corresponding increase in the triplet state lifetime of cytochrome c would have to 

occur. This was not observed. On the contrary, the ZnCC triplet lifetime decreased from 

9.9 ms in free solution to 5.8 ms in the presence of the cage. The simultaneous growth of 

emission intensity and the decrease of lifetime point to the increase of the T1-S0 transition 

moment and as a consequence, acceleration of the radiative decay rate. The behavior of 

the T1 state of zinc porphyrins is known to respond strongly to the planarity of the ring, as 

well as to small changes in the distance and orientation of the axial ligands, in this case 

the His18 residue.143,20 Both factors are influenced by the complexation. As a 

consequence, the observed pronounced lifetime and intensity changes are strong 

indications that the hemicarcerand binds to cytochrome c in the vicinity of the heme 

pocket and modulates the axial ligation of the Zn center.  
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Figure 64. Phosphorescence spectra and normalized decay profiles of 1x10-6 M ZnCC in 

the absence and presence of 1x10-4 M of the empty hemicarcerand at pH = 7. The 

phosphorescence peak is at 720 nm, while the 570 and 635 nm peaks are due to delayed 

fluorescence. 

 

Table 11. Single exponential phosphorescence lifetime (τreference) of zinc substituted 

cytochrome c (1×10-6 M) in the presence and absence of empty hemicarcerand (1×10-4 M 

-3×10-5 M ) at different pH  and room temperature. 

  pH = 7 pH = 9 pH =10 

 τ [ms] 

ZnCC (1×10-6 M) 9.85 ± 0.05 9.63 ± 0.08 9.52 ± 0.14 
ZnCC + Cage (1×10-4 M)  5.81 ± 0.12 7.14 ± 0.07 9.41 ± 0.03 
ZnCC + Cage (8×10-5 M) 8.00 ± 0.07 - - 
ZnCC + Cage (3×10-5 M) 9.08 ± 0.08 - - 
 

The effect of the presence of the hemicarcerand is most pronounced under neutral 

and slightly basic conditions (Table 11). It diminishes in increasing pH and disappears 

altogether at pH = 10, indicating that the association of the supramolecular cage with 

cytochrome c is driven primarily by electrostatic interactions between the negatively 
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charged hemicarcerand and the positively charged protein. Variable temperature 

measurements of the T1 lifetime of ZnCC and ZnCC+Cage further underscored the strong 

pH dependence of the association between the cage and cytochrome c.  

 

Figure 65. Temperature dependence of the triplet lifetime of ZnCC (1x10-6 M) in the 

absence and presence of the empty octacarboxyhemicarcerand (1x10-4 M) at pH = 7 (a) 

and pH=9 (b). 

 

As can be seen in Figure 65, the 3ZnCC lifetime decreases with increasing 

temperature both in the presence and in the absence of the hemicarcerand. The 3ZnCC 

and 3ZnCC+Cage lifetimes give rise to distinct lines with slopes determined primarily by 

the thermal repopulation of the S1 state, which is a significant triplet decay pathway in 

Zn-porphyrins. At neutral pH, the ZnCC+Cage complex remains stable over the entire 5 

– 45 °C temperature range, as evidenced by the two distinct lines. At pH = 9, electrostatic 

attraction between the cage and ZnCC is greatly diminished. The complex is much more 

labile and at 45° the 3ZnCC and 3ZnCC+Cage lifetime traces coalesce, indicating that 

above that temperature, only the free, uncomplexed ZnCC is present. Importantly, 

spectral shifts and lifetime changes similar to these described above were not observed at 
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any pH when small molecules bearing multiple carboxylic groups, for example 1,4,5,8-

tetracarboxynaphthalene, were added to the ZnCC solution. This suggests that the 

binding to cytochrome c depends not only on the acidity of the ligand, but also on its size, 

conformational flexibility and ability to participate in multivalent interactions.  

 

Photoinduced electron transfer between Zn-cytochrome c and the 
encapsulated guests 
 

Photoinduced electron transfer was used in this study to probe the association 

between the supramolecular host-guest assembly and cytochrome c. Since 3ZnCC can act 

both as an electron donor and acceptor depending on its redox partner, it was possible to 

demonstrate that the same molecular container can be used to transport reducing and 

oxidizing guest ligands and position them in the vicinity of the active site of the 

cytochrome. The choice of the guest molecules was dictated primarily by the size of the 

hemicarcerand cavity. Despite this restriction, guests spanning a nearly 1 eV range of 

driving force (ferrocene, ruthenocene and duroquinone) were studied. In addition, 

adamantane and naphthalene which are not capable of oxidizing or reducing 3ZnCC, were 

also encapsulated. This set of molecules allowed us to fully characterize the ET 

parameters and to identify the location of the hemicarceplex-cytochrome binding 

interface.   
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Figure 66. Duroquinone encapsulated within the octacarboxyhemicarcerand. The cage 

distorts slightly away from the ideal D4h symmetry in the presence of the guest. Note that 

the LUMO orbital of the host-guest complex is fully localized on duroquinone (global 

AM1 optimization). The space-filled model demonstrates that the encapsulated guest 

molecule cannot come into direct contact with the surface of the cytochrome. 

 

As can be seen from Figure 66, the relevant molecular orbitals participating in the 

electron transfer reaction (LUMO of duroquinone and HOMO of ferrocene) are fully 

localized on the guest molecule and do not extend onto the hemicarcerand. As a result, 

the electron transfer reaction between the Zn-substituted heme group and the redox-active 

guest satisfies the conditions of a weakly-coupled process mediated by superexchange 

and can be analyzed in terms of the Marcus theory.  

The encapsulation of guest molecules within the octacarboxyhemicarcerand has 

been investigated in detail in the past.88,136  It should be emphasized that the 
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hemicarceplexes studied in this work are thermodynamically stable in the aqueous 

medium and do not rely on Cram’s “constrictive binding”. The affinity depends upon the 

shape and the hydrophobicity of the guest, the latter being favored by the hydrophobic 

nature of the inner wall of the hemicarcerand. The binding constants for large nonpolar 

guests such as naphthalene and ferrocene, whose size closely matches the 200 Å3 internal 

volume of the host, exceed 1x108 M-1, with the corresponding free energies in excess of -

12 kcal/mol. 136 Smaller and more polar guests, such as trimethoxybenzene and quinones 

exhibit binding free energies of approximately -5 kcal/mol. The driving force for the 

encapsulation by the water-soluble hemicarcerand and hence the stability of the host-

guest complex can be also predicted on the basis of the free energy change associated 

with the reduction of hydrophobic surface exposed to water. The 178 Å2 hydrophobic 

surface of ferrocene combined with Honig’s 47 cal·mol-1·Å-2 hydrophobic energy144 

yields an encapsulation free energy of -8.4 kcal/mol. A similar treatment of the more 

polar duroquinone yields net stabilization energy of -5.6 kcal/mol. In this case one has to 

account for the 2.9 kcal/mol loss of hydration energy of duroquinone (Spartan 

calculation). These estimates are remarkably close to the calorimetrically determined 

binding energies reported by Cram and Deshayes88,114, 136 and provide useful guidance in 

the design of the encapsulation experiments. 
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Figure 67. Room temperature kinetics of the incarceration of duroquinone (DQ): (a) 

formation of the hemicarceplex monitored by UV-vis spectroscopy; (b) encapsulation 

time established from the growth of the 270 nm band, εDQ@270nm = 21.64 mM-1 cm-1.145 

 

Encapsulation of guest molecules occurs spontaneously within minutes to hours 

indicating the presence of an activation barrier associated with the ingress and egress 

from the cage.114,146 The incarceration kinetics depends on the size of the guest and its 

solubility in the aqueous medium. For example, the encapsulation of duroquinone (Figure 
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67), which is slightly soluble in water and whose shape facilitates the passage through the 

portal, is relatively rapid. Its progress and the formation of the 1:1 host-guest complex 

were monitored by UV-VIS absorption. The encapsulation of the nearly insoluble 

ferrocene, ruthenocene and adamantane was considerably slower and required overnight 

equilibration. 

The interaction of the photoexcited Zn-cytochrome c with the encapsulated redox-

active guests (ferrocene, ruthenocene and duroquinone) results in all cases in efficient 

quenching of the triplet state of the former. As it can be seen in Figure 68, the reduction 

of the phosphorescence intensity is accompanied by a corresponding decrease of the 

triplet state lifetime. The quenching rates follow the expected thermodynamic trend and 

increase as the ∆G0
ET of the electron transfer reaction becomes more negative (Table 12). 

The triplet state lifetime of the cytochrome was not measurably altered in the presence of 

encapsulated naphthalene or adamantane, for both of which the electron transfer to or 

from 3ZnCC is energetically unfavorable by more than 1 eV. Encapsulated ruthenocene, 

for which the electron transfer to 3ZnCC is slightly endoergic, did cause substantial 

phosphorescence quenching, albeit at rates approximately 10-times slower than the 

Fc@Cage (Figure 68, 69 Table 12 and Appendix 11). 
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Figure 68. Phosphorescence spectra (a) and emission time profiles of cytochrome c 

(1x10-6M) with empty cage (1x10-4M), encapsulated ferrocene (1x10-4M) and in the 

presence of ferrocene dicarboxylic acic (1x10-4M) at pH=7. 

 

Remarkably, in cases in which direct comparison is possible, electron transfer rates 

observed for the redox-active host-guest complexes are considerably higher than these for 

the corresponding free acceptors and donors in solution. For example, the encapsulated 

duroquinone, DQ@Cage, quenches 3ZnCC 20 times faster than free duroquinone (DQ) at 

a similar concentration (Figure 70, Table 12) The reductive quenching of 3ZnCC by the 

Fc@Cage is 3 times faster than quenching by the same concentration of free ferrocene 

dicarboxylic acid (Figure 68, 69, Table 12). Since the walls of the cage impose an 

additional barrier for the tunneling of electrons between the encapsulated guest and the 

protein, these results confirm that the hemicarceplex binds to cytochrome c and positions 

the redox active guest in the vicinity of the Zn-substituted heme. The difference between 

the free vs. encapsulated quenching rates is larger in the case of DQ and DQ@Cage, 

because duroquinone is not likely to associate with cytochrome c.  
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Table 12. Experimental rates and thermodynamic parameters for the electron transfer 

reaction between  3ZnCC and host-guest complexes as well as free donors and acceptors 

in solution.   

Quencher Eox
 [V] Ered

 [V] ∆G0
ET

z [eV] kET [s-1]aa ET direction 

Fc@Cage 0.31bb - -0.10 8.9 x102 reduction 

Ru@Cage 0.69bb - 0.28 7.0 x101 reduction 

DQ@Cage - -0.24cc -0.64 1.1x105 oxidation 

Naph@Cage 1.54dd -2.49dd 1.14 (1.61)ee - - 

Ada@Cage 2.72ff - 2.32 - - 

Fc(COOH)2 0.64gg - -0.10 3.2x102 reduction 

DQ - -0.24cc -0.64 5.4x103 oxidation 

CQ - 0.65hh -1.53 9.8x102 oxidation 

BQ - 0.08hh -0.96 1.0x102 oxidation 

Naph(COOH)4 1.54ii -2.49ii 1.14 (1.61)ee - - 
 
                                                
z The free energy change for the reaction of ZnCC with the quencher is given by: ΔG = 
Eox(D)- Ered(A) - E0-0(triplet)   Where: Eox(Zn/Zn+) = 0.8 V; Ered(Zn/Zn-) = -1.3 V; E0-0(triplet) = 1.7 V 
(reference 47; Inorg. Chem. 1996, 35, 2780). 
aa The quenching rate for ZnCC (1×10-6 M) in the presence of quencher at pH = 7; the 
quencher concentration for presented results was equal 1.0×10-4 M except for DQ, BQ 
and CQ (1.5×10-4 M). 
bb The values for free donors: Kuwana, T.; Bublitz, D. E.; Hoh, G. J. Am. Chem. Soc. 
1960, 82, 5811-5817. 
cc The value for free duroquinone: Meisel, D.; Czapski, G. J. Phys. Chem., 1975, 79, 
1503-1509. 
dd The value for free naphthalene: Murov, S. L.; Carmichael, I.; Hug, G. L. Handbook of 
Photochemistry, 2nd Ed., Dekker, New York, USA 1993. 
ee Driving force for the reduction of naphthalene. 
ff Oxidation potential of adamantane: Mella, M.; Freccero, M.; Soldi, T.; Fasani, E.; 
Albini, A. Org. Chem., 1996, 61, 1413-1422. 
gg  The value taken from: Quaranta, D.; McCarty, D. R.; Bandarian, V.; Rensing, C. 
Journal of Bacteriology, 2007, 189, 5361-5371, corresponds to neutral Fc(COOH)2. 
Under the pH conditions of our experiments the compound is present as the easier to 
oxidize monoanion Fc(COOH)(COO-).   
hh Arno G. Siraki, Tom S. Chan, and Peter J. O’Brien; Toxicological Sciences 2004 
81(1):148-159 
ii The values for unsubstituted naphthalene from foootnote “bb” were used. 
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Figure 69.  The free energy diagram for the reaction of 3ZnCC with DQ@Cage, 

Fc@Cage, Ru@Cage and the redox inactive Naph@Cage. 

 

Ferrocene dicarboxylic acid on the other hand can bind electrostatically to the 

cytochrome and as a consequence, the ratio of the Fc@Cage to Fc(COOH)2 quenching 

rates is smaller. Nevertheless, in view of the attenuation of the ET rate by the walls of the 

hemicarcerand, Fc(COOH)2 must bind to the protein not as strongly, or at a less favorable 

site than the Fc@Cage does.  

The concentration dependence of the ET quenching rate of 3ZnCC by Fc@Cage and 

DQ@Cage is shown in Figure 70. The rates were measured in 1-2x10-6 M solutions of 

ZnCC in which the hemicarcerand-guest ratio was always kept at 1:1, regardless of the 

overall concentration. Both traces in Figure 70 show initial increase of the quenching rate 

with increasing concentration of the quencher followed by a plateau region, in which 

further increase of the concentration has little effect on the rate of electron transfer. In 

both cases the region of rate increase is steeper than it would have been in the case of a 
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diffusion controlled process, indicating that the hemicarcerands carrying redox-active 

guests bind to the cytochrome. The presence of the plateau is a further confirmation of 

the formation of a complex between the protein and the hemicarceplex. Electron transfer 

rates in the plateau region are approximately 25-times higher for DQ@Cage than for 

Fc@Cage and are consistent with the much higher driving force for the former, ΔG0 = -

0.64 eV, vs. -0.10 eV. Increasing the concentration of the hemicarceplex beyond the 

onset of the plateau leads to only a slight further acceleration of the rate. This suggests 

that the guest@Cage complexes continue to bind to cytochrome c forming higher than 

1:1 protein-hemicarceplex aggregates, however, the successive dockings occur further 

away from the heme site and make only a minor contribution to the overall quenching 

rate.  

 

Figure 70. Electron transfer kinetics of 3ZnCC with Fc@Cage and DQ@Cage. The 

DQ@Cage trace has been corrected for the quenching by the free duroquinone, 

kDQ@Cage= kmeasured - kDQ. 
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It is significant that the DQ@Cage and Fc@Cage traces differ markedly from one 

another in the onset of the plateau region. In the case of the incarcerated ferrocene, 

leveling off occurs very early, at approximately 10 µM, while for encapsulated 

duroquinone it takes place much later, at nearly 30 µM. The divergence results from the 

difference in the affinity of the hemicarcerand towards the highly hydrophobic, 

completely insoluble ferrocene and the comparatively polar and somewhat water-soluble 

duroquinone. The octacarboxyhemicarcerand traps ferrocene with a very high binding 

constant, Kencaps > 108 M-1. As a consequence, even at the lowest concentrations, 

ferrocene is present in solution exclusively in the encapsulated form. The saturation point 

of the Fc@Cage curve most likely corresponds to the concentration at which the 1:(1:1) 

ternary complex of cytochrome c with the Fc@Cage hemicarceplex is the predominant 

species. Therefore, this point can be used to estimate the binding constant between the 

hemicarceplex and the cytochrome, Kassoc = 1x105 M-1. Similar affinity, Kassoc = 2×105 M-

1, was reported by Fisher et al. for the binding of tetracarboxyphenylporphyrin with the 

native cytochrome c.147 

Duroquinone is considerably more soluble in water than ferrocene. Absorbance 

measurements in the same buffer as used in the above experiments yield saturated 

concentration of free duroquinone of 2.3×10-5 M (Figure 67). As a result, at low 

concentrations, the DQ + Cage ↔ DQ@Cage equilibrium favors free duroquinone and 

empty hemicarcerand. Indeed, the quenching rates obtained with duroquinone 

concentrations below 20 µM are very similar regardless whether the hemicarcerand is 

present in the solution or not. When the concentration increases, the equilibrium shifts to 

the right, however, the DQ@Cage host-guest complex becomes the dominant form only 
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at a concentration that is higher than that corresponding to the formation of a 1:1 

hemicarcerand-ZnCC complex. As a consequence, in the case of DQ@Cage, the onset of 

the plateau in Figure 70 signifies the point at which all hemicarcerands bound to the 

surface of the protein become occupied by duroquinone. The duroquinone encapsulation 

constant estimated on this basis is Kencaps ≈ 4x104 M-1.   

In order to verify the electrostatic nature of the association between the 

hemicarceplex and cytochrome c experiments at different pH values were conducted 

(Table 13). The efficiency of quenching by both Fc@Cage and Fc(COOH)2 is diminished 

in increasingly basic solutions.  At pH = 10, when approximately ~25% of the positive 

charges on the surface of cytochrome c are neutralized, the rate of electron transfer 

quenching of 3ZnCC by Fc@Cage reduced by a factor 3 in comparison the rate at pH = 7. 

Solutions with pH > 10 were not investigated because of the possible aggregation and 

precipitation of cytochrome c, nevertheless, even the limited accessible pH range 

confirms that the hemicarceplex-cytochrome c association is driven primarily by ionic 

interactions. The electrostatic potential on the surface of hemicarcerand, Fc(COOH)2 and 

quinines is shown in Figure 71.  

 

Table 13. Quenching rates in the presence of encapsulated ferrocene and 1,1’-

ferrocenedicarboxylic acid (kET = 1/ τobserved-1/τreference) at different pH  and room 

temperature. 

  pH = 7 pH = 9 pH =10 

 kET [s-1] 
ZnCC + Fc(COOH)2 (1×10-4 M)  3.2×102 2.8×102  1.5×102 
ZnCC + Fc@Cage (1×10-4 M) 8.9×102 6.8×102 3.2×102 
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Figure 71. Electrostatic potential on the surface of fully protonated, singly ionized and 

fully deprotonated hemicarcerand (upper row) as well as Fc(COOH)2 and quinones. 

The binding site 
 

The known thermodynamic parameters and distance dependence of electron transfer 

can be used to determine the distance between the donor and acceptor in a manner similar 

to FRET (Förster resonance energy transfer).148,149 Therefore, we can identify the location 

of the binding interface between the hemicarceplex and cytochrome c on the basis of the 

plateau electron transfer rates measured in the presence Fc@Cage and DQ@Cage (Figure 

70). The electron transfer Franck-Condon factors are estimated with the help of the 

classical Marcus equation. The value of the attenuation coefficient  β has been 

determined for a variety of intervening media in covalently linked donor-acceptor model 

systems, in monolayers, in frozen glasses including water, and in proteins. For the 

purpose of this work we treat the protein and the wall of the cage as a homogeneous 

tunneling barrier with effective β of 1.1 Å-1. This attenuation factor was determined by 

Gray et al.48 on the basis of ET measurements on FeIII-cytochrome c with electron donors 

covalently attached to specific sites on its surface. Since the hemicarcerand is not 
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covalently bound to the guest, the corresponding attenuation factor for electron tunneling 

must be greater than that found for covalently bound systems with unsaturated bridges. 

Indeed, Pina and Balzani reported 100-200-fold reduction of ET rates due to tunneling 

across the wall of a different, partially saturated hemicarcerand.150  As a consequence, the 

accepted average β of 1.1 Å-1 should be a satisfactory approximation for electron transfer 

in our ternary protein-(host-guest) assembly. This relatively steep distance dependence 

corresponds to 3-fold ET rate reduction per 1 Å. Since the electron transfer reactions 

between Zn-cytochrome c and ferrocene and duroquinone lie well within the “normal” 

thermodynamic region, the classical Marcus equation was used in the analysis. 

The magnitude of the reorganization energy, λ, is a necessary parameter for the 

determination of the donor-acceptor separation. It can be calculated from the known ∆G0 

values and the experimental ET rates or taken from literature. Since the RDA is sensitive to 

the value of λ, we used both approaches.  

The electron transfer rates k1 and k2 measured for the reactions  

(1)   3ZnCC + DQ@Cage  ZnCC+· + DQ-·@Cage     and  

(2)   3ZnCC + Fc@Cage   ZnCC-· +  Fc+·@Cage  

were used to set-up the set of coupled equations: 

 

 

in which the only unknowns are λ and |V|, both of which must be positive. The inherent 

assumption that the same average values of λ and |V| can be used for both reactions is 

used frequently in electron transfer studies in which the ΔG0 was varied. The set of 

equations can be solved iteratively or fitted.  This procedure yielded for our system an 
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average λ = 0.8 eV, which is consistent with the reduced solvation of the encapsulated 

redox partners of 3ZnCC. 

The solvation energy of Fc+@Cage and DQ-@Cage is considerably reduced in 

comparison with free Fc+ and DQ- since the redox partners of 3ZnCC are encapsulated 

within the hydrophobic cage and cannot be directly solvated by the buffer.  As in many 

other electron transfer studies, Born theory was applied to estimate the upper limit for the 

solvent reorganization energy associated with the oxidation of Fc@Cage and reduction of 

DQ@Cage.75,151,76,77 Using the 7.8 Å effective radius of the guest@Cage, the static 

dielectric constant of water ε = 80.1, and the refractive index of dimethoxy benzene n = 

1.52, which is representative of permittivity of the hemicarcerand walls, the Born 

equation predicts the maximum reorganization energy of 0.19 eV at RDA→∞. 

The internal, or vibrational, reorganization energy for duroquinone and ferrocene 

was calculated at the B3LYP DFT level with the 6-31G* basis set (Spartan ’06). We 

followed the standard procedure of first calculating the unrelaxed energy of the product 

species in the optimized geometry of the neutral species and then allowing the product 

species to relax.  The resulting values of 17 meV for the Fc/Fc+ and 27 meV for the 

DQ/DQ- reaction are small and account for less than 3% of the total magnitude of λ 

recovered from the electron transfer data. The overall reorganization energy of the 

guest@Cage assembly, λsol + λvib is less than 0.2 eV. Since λvib<<λsol, and the 

reorganization energy of cytochrome c has been estimated at 0.6-0.7 eV by various 

groups.152,153 The λtotal = 0.8 eV retrieved from our data is both reasonable and consistent 

with the assumption that the reorganization energy in our system is similar for both 

guests. This value is lower than most reorganization energies reported for electron 
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transfer reactions between zinc-substituted cytochrome c and redox partners exposed to 

aqueous solution. Such an outcome is reasonable since ferrocene and duroquinone are 

encapsulated within the hydrophobic cage and cannot be directly solvated by the buffer. 

The solvation energy of Fc+@Cage and DQ-@Cage must be considerably reduced in 

comparison with free Fc+ and DQ-. Estimated on this basis, the Zn-to-Fe and Zn-DQ 

center-to-center distance in the hemicarceplex-cytochrome complex is 16.5 Å. This 

conservative value is significantly lower than the average center-to-center separation in a 

random encounter complex between the hemicarceplex and the cytochrome, which based 

on effective radii of the protein and of the supramolecular cage is 22.1 Å (Figure 72).  

The latter value would lead to ET rates at least 500 times slower than those observed 

experimentally. This strongly suggests that the binding of hemicarceplex, while not site-

specific, has a pronounced preference for the region of the surface proximal to the heme 

pocket, which is the ET pathway in the self-exchange reaction of cytochrome c and has 

been invoked in its interaction with several metal complexes,25 the copper-containing 

plastocyanin154,155 and the negatively charged cytochrome b5.156 If a reorganization 

energy larger than 0.8 eV is used in the analysis, the extracted distance between the redox 

centers of the protein and of the hemicarceplex is further reduced. For example, if we use 

λ = 1.2 eV taken from the work of Gray et al. on ZnCC modified with covalently bound 

electron donors,157  a RDA value of 13.0 Å is obtained. Such short donor-acceptor distance 

places the hemicarceplex in the immediate vicinity of the heme pocket. Therefore, it is 

reasonable to conclude that distance between the redox centers of the protein and of the 

host-guest assembly lies in the 13 to17 Å interval. 
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Figure 72. Left: The effective radii of cytochrome c and the hemicarceplex. Right: The 

location of the hemicarceplex–cytochrome c binding interface based on the RDA radius of 

16.5 Å. 

 

Simple AM1 semiempirical calculations can help to understand why the 

supramolecular cage binds more strongly to its protein target than small ligands with 

similar pKa values do.  Under the mildly basic conditions of the reported experiments, on 

average one carboxylic group on each m-phthalic acid ‘portal’ exists in the ionic form.  

The possible distinct, not related by symmetry locations of the negative charges on the 

surface of the hemicarcerand are shown in Figure 73 (a).  The AM1 gas phase energy 

differences between the four arrangements are small, in part because the flexible cage 

relaxes in order to accommodate multiple charges on its surface.  All four forms become 

practically isoenergetic in aqueous medium as a result of solvation and screening by the 

high dielectric constant of water. The existence of multiple nearly isoenergetic and 

readily interconverting charge distributions allows the hemicarcerand to match the 

surface electrostatics of its binding partner. The last entry in Figure 73 (a) shows that the 

introduction of a second negative charge onto the same m-phthalic ‘portal’ carries a much 

larger energetic penalty of 32 kcal/mol (in vacuum).  This is a significant amount, 

consistent with the considerably higher second pKa of m-phthalic acid (4.60 vs 3.54 for 



 

 

120 

the first one).  Such higher energy quadruply charged forms may become important in 

interactions with sufficiently basic sites and regions.   

 

Figure 73 (a) Location of the negative charges and the relative fully relaxed energies of 

the distinct quadruply de-protonated octacarboxyhemicarcerand (in kcal/mol, AM1 in 

vacuo).  In the first four structures only one carboxylic group per m-phthalic acid ‘portal’ 

is charged. In the last structure one of the portals is doubly deprotonated giving rise to a 

sharp increase in the energy, consistent with the pKa difference between the first and 

second deprotonation of m-phthalic acid.  (b) Examples of the distorted fully protonated 

hemicarcerand with corresponding energies relative to the D4h minimum (in kcal/mol, 

AM1 in vacuo).  

 

The variety of surface charge distributions is augmented by the structural flexibility 

of the outer section of the hemicarcerand.  As shown in Figure 73 (b), pivoting of the 

‘portals’ dramatically alters the shape of the host molecule at the expense of only a 

modest energy increase.  The distortions change the spacing between the carboxylic 

groups and expose hydrophobic regions on the sides of the ‘portals’, enabling the 

hemicarcerand to interact also with the hydrophobic regions of the target.  In addition to 

facilitating the binding, the distortion can reduce the distance between the redox-active 

guest and the heme group of the cytochrome.    Importantly, the volume of the inner void 

of the cage is for the most part independent of the position of the portals. As a result, the 
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encapsulation of the guest is not significantly affected by the distortions of the outer 

region, however, the hemicarcerand does become somewhat more rigid when it holds a 

large molecule whose size is close to the volume of the internal cavity. The described 

combination of conformational and electrostatic flexibility allows the 

octacarboxyhemicarcerand to adapt itself to match the surface of the binding partner in 

manner that is not possible for small, rigid ligands with similar pKa values, which not 

posses such electrostatic and conformational flexibility and for this reason exhibit a 

binding preference determined purely by the basicity of the available sites. This behavior 

is consistent with the findings of Jain et al. and points to the importance of multivalent 

interactions in the binding of large synthetic molecules with biological targets.122  

The hemicarcerand favors binding regions which allow for the optimization of 

distributed multivalent electrostatic and hydrophobic interactions, while small anionic 

ligands bind preferentially to individual positively charged residues. The most basic 

residues on the surface of cytochrome c, which are the most likely sites for the 

Fc(COOH)2 binding, are arginines R38 and R91, located 16.5 and 19.2 Å away from the 

Zn2+ center, respectively. As a consequence, Fc(COOH)2 tends to bind either at the 

boundary or outside of the 13.1 to16.5 Å docking zone of the hemicarceplex. This 

binding preference explains the observed difference in electron transfer rates.  

While we focused on demonstrating that the same hemicarcerand can deliver both 

reducing and oxidizing partners to the target protein, the reported results have broader 

implications for the design of supramolecular carrier molecules. The dynamic behavior of 

the hemicarcerand-guest-protein ternary assembly is determined by the relative host-

guest and host-protein affinities. The differences in the solubility of the guest molecules 
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and their affinity towards the hemicarcerand and the long lifetime of the excited triplet 

state of ZnCC enabled us to investigate two distinct regimes: one of tight encapsulation 

and one of rapid guest exchange.  In both cases the role of the hemicarcerand is more 

complex than that of a conventional solubilizer or phase transfer catalyst. In the simpler 

to probe and analyze tight encapsulation limit, Kencaps >> Kassoc, the hemicarcerand 

transports the ligand to the desired target while protecting it from the aqueous medium. 

This case, in which the hemicarceplex behaves as distinct stable species, is represented in 

Figure 59. On the other hand, if Kassoc > Kencaps, the more thermodynamically stable 

hemicarcerand-protein complex is formed first and only at higher concentrations of the 

guest, the surface-bound cage becomes occupied. As a consequence, in this regime the 

cage docked to the surface of the protein acts as an artificial receptor which intercepts the 

ligand from solution and positions it in the vicinity of the active site of cytochrome c 

(Figure 74).  

 

Figure 74. Capture of the guest by the octacarboxyhemicarcerand associated with 

cytochrome c. 

 

In this regime the cage docked to the surface of the protein acts as an artificial 

receptor which intercepts the ligand from solution and positions it in the vicinity of the 
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active site of cytochrome c. This situation is more challenging from the kinetic point of 

view, however, it opens fascinating possibilities for the design of hybrid bio-synthetic 

systems. For example, one can envision how suitably engineered host molecules could be 

used to selectively intercept substrates from solution and increase the number of 

turnovers of a biocatalytic reaction. The tight encapsulation limit is relevant to 

transporting drugs and contrast agents and protecting them from the contact with the 

biological medium until they reach the selected target. The reversibility of the assembly-

disassembly process and its sensitivity to stimuli such as temperature and pH mimics the 

behavior of biological systems and allows for fine adjustments of the binding equilibria 

and kinetics.  

3.3 Conclusions 
We employed a water-soluble Cram type octacarboxyhemicarcerand to dock 

reducing and oxidizing ligands to the surface of zinc-modified cytochrome c. To our 

knowledge, this is the first demonstration of bidirectional redox chemistry between a 

protein and a supramolecular host-guest assembly. The cytochrome and the 

supramolecular cage exhibit affinity driven primarily by electrostatic interactions 

between the positively charged protein and the negatively charged hemicarcerand. 

Changes in the spectroscopic properties of ZnCC observed in the presence of the 

hemicarcerand, as well as well as the analysis of the electron transfer rates, suggest that 

the supramolecular cage binds close to the heme site of the cytochrome in the area of the 

‘hydrophobic patch’. The binding is aided by the flexibility of the hemicarcerand and the 

presence of hydrophobic areas on the surface of its portals. As a result, the hemicarcerand 

is capable of exhibiting ‘induced fit’ behavior that is characteristic of protein-protein 
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interactions. The kinetic behavior of the complete ternary protein-hemicarcerand-guest 

assembly depends on the relative strength of the protein-hemicarcerand and guest-

hemicarcerand interaction. In the tight encapsulation limit the hemicarcerand transports 

the ligand to the desired target while protecting it from the aqueous medium. If on the 

other hand, the affinity of the hemicarcerand for the protein is stronger than that for its 

guest, the docked cage can act as an artificial receptor (Figure 75). The ability of 

synthetic macromolecules to act as labile receptor sites which enhance the protein-ligand 

interaction in a substrate and site selective manner deserves further exploration and may 

lead to novel biological and biomedical applications. It should be emphasized that the 

association between the hemicarcerand and the protein, as well as the encapsulation of 

the guest are fully reversible and can be controlled by varying the concentration of the 

components of the ternary assembly, as well as the pH, ionic strength and the temperature 

of the medium. Such capacity to undergo multiple self-assembly/disassembly cycles 

mimics the dynamic behavior of natural systems more closely than hybrid constructs with 

permanently appended exobiotic cofactors.  

 
Figure 75. Novel applications of the hemicarcerand: a molecular shuttle (purple) or an 

artificial receptor (orange). 
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Chapter 4. Gas trapping inside the water soluble 
Cram-type hemicarcerand. 
 

 

Molecular recognition of gases is a rising area of chemistry that has multiple applications 

in biomedicine, science and technology.158,159 Studies of the supramolecular chemistry by 

investigating intermolecular interactions and assembly of molecules helps us to 

understand how gases interact with biological molecules and offers insights into the 

mechanisms of their physiological activity. Host-guest chemistry has been applied for to 

gas purification, gas storage and gas conversion.160, 161, 162,163 as well as for gas sensing. 

More recently studies have been undertaken for labeling to provide knowledge about the 

structure and dynamics of complexes.164,165,166 The sensitivity of techniques employed in 

studies of gases such as magnetic resonance imaging (MRI) are usually much weaker 

than in liquids, because gas density is much lower than the density of fluids under normal 

conditions.167 Gas trapping inside highly porous materials raises its adsorption, host 

molecules can increases its solubility in liquid phase, which helps to enhance the signal 

and consequently improves its detection. The fact that gases comprise the atmosphere of 

the Earth and continuously circulate between different phases and are absorbed or emitted 

due to chemical processes, necessitiates the development of novel methods for gas 

recognition under variety of conditions. A number of materials for gas trapping have been 

developed and applied. 168,169,170 Gas encapsulation in the solid and liquid phase has been 

extensively investigated,171,172 but still the molecular detection of gases deserves more 

attention. Many industrially important gases, such as natural hydrocarbons are 

hydrophobic. At the same time, their applications require water. The problem with 

solubility appears also when the hydrophobic gases have to be applied in biosystems.  
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Use of an organic framework does not increase the gas solubility in liquid phase since the 

assembly of porous solids is usually filled with solvent molecules. Cyclodextrin or 

cucubicuril do not fully encapsulate the gas molecules, while the self-assembling 

capsules require delicate balancing of conditions such as specific concentration or a 

temperature range to assemble the capsule and to trap a gas molecule. Rudkevich et al.173 

has shown that Cram hemicarcerands made from two lipophilic resorcin[4]arene 

hemispheres connected by three o-xylyl bridges form stable complexes with 

hydrocarbons in aqueous solution (Figure 76).   

 

Figure 76. Cram-type hemicarcerand used by Rudkevich et al173 (left) vs the Cram-type 

hemicarcerand used for butane and SF6 trapping in work reported here (right).  

 
 
Here we present encapsulation studies of hydrophobic gases such as butane and 

sulfur hexafluoride inside the more closed water soluble Cram-type hemicarcerand 

possessing four o-xylyl bridges, a carrier that can fully insulate small molecules. The 

encapsulation process has been probed by nuclear magnetic resonance spectroscopy 

(NMR). NMR plays a very important role in studying various interactions in solution 

thanks to the ability to detect inter- and intra- nuclear coupling. During NMR studies, the 

local magnetic field experienced by a nucleus is affected by neighboring magnetic nuclei. 
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There are direct and indirect types of magnetic interactions between nuclei. The direct 

transfer of nuclear spin polarization from one nuclear spin population to another via 

cross-relaxation generate Nuclear Overhauser Effect (NOE, dipole-dipole coupling). The 

indirect, through-bond interaction (spin-spin splitting: J) is caused by a spin of one 

nucleus which perturbs (polarizes) the spins of the intervening electrons, and the energy 

levels of neighboring magnetic nuclei.174 Thanks to the fact that hydrogen and fluorine 

atoms have fractional spins (Table1), the encapsulation of butane or SF6, as well as 

structural changes of the cage upon this process can be easily monitored by detecting 

their nuclear resonance.  

The general scheme for an encapsulation of gas molecule in aqueous solution 

within the water soluble Cram-type hemicarcerand is presented in Figure 77. The goal 

here is to investigate in molecular detail the interaction between the guest and the host as 

well as the dynamics of the guest exchange by applying several NMR techniques.  

 
Figure 77. The general scheme. 

 
 
Since both gases, SF6 and butane, are hydrophobic, the driving force for the 

encapsulation by the water-soluble hemicarcerand and hence the stability of the host-

guest complex can be predicted on the basis of the free energy change associated with the 

reduction of hydrophobic surface exposed to water. The 101 Å2 hydrophobic surface of 

SF6 and 112 Å2 hydrophobic surface of butane combined with Honig’s 47 cal·mol-1·Å-2 
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hydrophobic energy144 yields encapsulation free energy of -4.7 kcal/mol and -5.3 

kcal/mol for SF6 and butane respectively. The encapsulation process should change the 

NMR spectrum of the cage as well as of the guest molecule. Gas encapsulation raises also 

the more fundamental question of the state of trapped matter. Cram et al. suggested that 

the inner phase of a host molecule is a mixture of vacuum and guest occupation of 

volume and can be designed to be vacuum-like, liquid-like, or even solid-like, depending 

on the balance of space occupied by guest and free space.175,176 In these experiments the 

gas molecule not only changes its environment but becomes imprisoned inside the 

volume which restrict its freedom of translational and even rotational movement. The 

space offered by the cage molecule may not be sufficient for the gaseous guest to 

maintain its properties as to the ideal gas law states that each molecule occupies 37 nm3 

at standard temperature and pressure. This may force a gas molecule(s) to start behaving 

more as a liquid guest(s) in the “inner” phase environment.   

 

Figure 78.  Properties of butane and sulfur hexafluoride. 
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The sizes and properties of the selected gases are summarized in Figure 78. The 

lipophilic inner cavity of the host molecule with a volume of about 200 Å3 is large 

enough to trap at least one molecule of butane as well as of the slightly smaller SF6. 

Butane was chosen for these investigations because its volume is perfect for this cage, it 

is commercially available and as a member of natural gases is a good representant of 

hydrocarbons. The second candidate, sulfur hexafluoride (SF6), possesses excellent 

dielectric and insulating properties and is used extensively in the electric and electronic 

industries. Importantly, SF6 has a global warming potential thousand times greater than 

carbon dioxide and has been put on a list of greenhouse gases.  As a result, researchers 

have started to search for a method to capture this gas from the atmosphere. Recent 

studies on SF6 have also focused on its potential use in medical science as an alternative 

to 129Xe. SF6 is nontoxic and chemically inert at room temperature. The octahedral 

molecular geometry of SF6 with six chemically equivalent 19F nuclei is a major advantage 

in 19F NMR. 19F NMR has been frequently applied in biological systems for structural 

and binding studies177, 178 as well as due to its imaging applications. 19F imaging of 

inhaled sulfur hexafluoride (SF6) allows quantitative studies of lung function on the basis 

of signal intensity or longitudinal relaxation time measurements.179 Recently, the binding 

of SF6 into the hydrophobic cavity of organic host molecules such as cucurbit[6]uril, α-

cyclodextrin  or metal-hyphen capsule in aqueous solutions have been reported.180,181 The 

detection limit of dissolved SF6 by 19F NMR is in the µM range for measurement times of 

a few minutes with standard equipment. The 19F longitudinal relaxation time of SF6 

dissolved in diamagnetic solutions ranges between a few hundreds of milliseconds and 

about 1 s. It is much shorter than the longitudinal relaxation time of monatomic 129Xe. 
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Short relaxation times T1 allow multiple accumulation of the NMR signal over relatively 

short time to improve the signal-to-noise ratio. Similar detection level and range of T1 are 

expected for a butane molecule in liquid phase.  

In addition to chemical shift measurements, the investigation of a trapped butane 

and SF6 molecule has included 1H and 19F longitudinal relaxation time measurements of 

butane and SF6 molecules respectively, inside and outside the cage. Additionally, the 

selective magnetization transfer experiments through homo or heteronuclear dipole-

dipole cross relaxation and some 2D nuclear coupling measurements have been used to 

probe the binding of the gas, its phase and to characterize the geometry of the host / guest 

complex. The description of applied experiments has been summarized in the methods 

section below.  

4.1 Materials and methods 

Materials: Sulfur hexafluoride ≥99.75% and butane 99% gas were purchased 

from Sigma Aldrich Co. Deuterium oxide (99.9%) was obtained from Cambridge Isotope 

Laboratories. The water soluble Cram-types hemicarcerand (cage) was a gift from Dr. 

Eugene L. Piatnitski Chekler.182 

Sample preparation and encapsulation: The appropriate amount of Cage 

was dissolved in D2O at pD= 8.5 (adjusted by ~0.2M Na2OD and DCl solutions) in order 

to obtain 2.5 ÷ 3.0× 10-4 M solution of the cage solution.  

The NMR samples were prepared in 5 mm NMR tubes, closed by silicon cork by 

gently bubbling SF6 or butane gas through the needle immersed in approximately 1ml of 

the cage/D2O solution for about 30 minutes. In parallel, two control samples were 
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prepared as well: Gas/D2O and Cage. The cage only sample was made by gently bubbling 

argon gas through the solution in order to remove oxygen, the presence of which would 

affect the NMR relaxation times (Figure 79). All the samples were allowed to fully 

equilibrate for at least 24 h. 

 
 

Figure 79. The set up for the encapsulation of hydrophobic gases. 
 

Measurements: NMR spectra were recorded at different temperatures on either 

a Varian VXR 500 or AS600 spectrometer operating at proton frequencies of 500 and 

600 MHz, respectively. The samples were left to reach equilibrium at the desired 

temperature within the magnet for at least 30 min before the NMR measurements. 

1D 1H NMR: spectra were recorded at 499.7 and 599.7 MHz for 1H with spectral 

width of 16 ppm centered at 4.7 ppm for 1H with respect to the major signal of HDO.  
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1D 19F NMR: spectra were recorded at 470.5 MHz for 19F with spectral width of 58 

ppm using 64 transients. The chemical shift scale was calibrated with respect to the major 

signal of pure CFCl3 used as an external reference.   

Proton longitudinal relaxation times T1: The spin-lattice relaxation time T1 was 

measured in the inversion recovery experiment in a simple two-pulse sequence (Figure 

80). First the nuclei are allowed to relax during d1 then a 180° pulse is applied which 

inverts the magnetization vector along the negative z axis. As a result, the magnetization 

vector Mz gradually increases until it is back to the original value M0. Since the 

magnetisation along the z axis is not observable, the recovery is monitored by placing the 

vector in the xy plane by applying a 90° pulse after a suitable period,t1, to measure its 

magnitude as a function of time. Mathematically, this recovery process is described by 

the Bloch equations for the z –component (24)183: 

dMz/dt=(M0 −Mz)/T1       (24) 

 
 

Figure 80. The inversion recovery sequence. 
      

T1 finding involves measurements of the signal amplitude for several different t1 intervals 

(Figure 81) and the curve fitting according to formula (25). 

Mt=M0 (1−2exp(-t1/T1))       (25)  

where M0 corresponds to equilibrium magnetization, such as that recorded at t∞.  
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Figure 81. The inversion recovery experiment and the exponential growth of the 

longitudinal magnetization with increasing t1. 

 

 
Figure 82. The dependence of longitudinal relaxation times T1 on the correlation time τC, 

viscosity and molecular size. 

 
1H spin-lattice relaxation times were measured at 600 MHz using the inversion-

recovery pulse sequence with 512 transients and 14 recovery delays ranging between 

0.01 and 10 s. 1H pulse widths were calibrated on 1 pulse (s2pul) experiments. The 

measurements were repeated at differed temperatures: 5 and 25. The T1 values were 

determined using integrated intensities and a three parameter nonlinear fit.  
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Fluorine longitudinal relaxation times T1: 19F spin-lattice relaxation times were 

measured at 470 MHz using the inversion-recovery pulse sequence with 256 transients, 

10 s repetition time, and 10 recovery delays ranging between 0.02 and 14 s. The 

measurements were repeated at differed temperatures: 5, 20, 25 and 30°C. T1 data were 

determined using integrated intensities and a three parameter nonlinear fit.  

2D COSY: Two-dimensional COSY (COrrelation SpectroscopY) experiment 

performed to determine which protons are spin-spin coupled detects only protons with J-

coupling over two or three bonds. 2D COSY was recorded at 600 MHz at 5°C with 

spectral window of 10000 Hz in both dimensions, 64 repetition and 2 × 256 transients. 

Water suppression was applied (Figure 83).  

 

Figure 83. Puls sequence for COESY.  

 
1D 19F cycle-NOE Difference Experiment is a steady-state NOE difference experiment in 

which a selected peak (here, corresponding to the 19F of the SF6 inside the cage) is 

saturated by low power RF saturation for a designated time (ts). NOE peaks (here, 

corresponding to the 19F of the SF6 outside the cage) are revealed and phased positive and 

the saturated peak phased negative. 

 

Figure 84. The cycle-NOE sequence. 
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The relationship between exchange rate and saturation transfer is measured by 

monitoring the intensity I of the unsaturated resonance when an exchanging resonance is 

saturated for a given length of time as follows (26):  

         (26) 

        

1D 19F  cycle-NOE were measured at 470 MHz using pulse sequence presented at 

Figure 84 with 256 transients, 10 s repetition time, and 11 different saturation times 

ranging from 0.01 to 16 s at 25 °C.  

2D TOCSY: Two-dimensional Total Correlation Spectroscopy yields homonuclear 

proton correlation spectra based on scalar couplings but is also able to establish 

correlations between protons within the same spin system, regardless of whether they are 

themselves coupled to one another. 2D TOCSY was recorded at 600 MHz at 5°C with 

spectral window of 10000 Hz in both dimensions.  

  
 
Figure 85. The TOCSY sequence. The spin-lock mixing time, τm, replaces the single 

mixing pulse of the basic COSY experiment. 

 
The experiment was recorded with resolution of 256 points in the t1 dimension and 

1024 points in the t2 dimension with 0.5 s mixing time and 256 transients (Figure 85). 

Water suppression was applied.  
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2D NOESY: Two-dimensional Nuclear Overhauser Enhancement Spectroscopy 

detects correlations through-space. The intensity of the NOE is proportional to the 

distance between two nuclei in its invert sixth power (1/r6) and is usually detected for the 

distance smaller than 5 Å. 2D NOESY was recorded at 600 MHz at 5°C and 500 MHz at 

25°C with spectral window of 10000 Hz in both dimensions. The experiment was 

recorded with resolution of 256 points in the t1 dimension and 1024 points in the t2 

dimension with 0.3 and 0.6 s mixing time and 256 transients (Figure 86). Water 

suppression was applied.  

 

Figure 86. The NOESY pulse sequence. 
 

Data Analysis: Data sets were processed on the Varian NMR Spectometer 

system equipped with VNMR 6.1B Software, as well as using NMRPipe and 

NmrView.184 ,185 
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4.2 Results and discussion 

Butane encapsulation  

 
 
Figure 87. 1D 1H NMR for: a) free cage (orange), b) the same solution of cage after 

bubbling with butane (green); c) gas-saturated sample obtained by additional bubbling 

with butane (dark green); and d) the highlighted region (4-8.5 ppm) for all three spectra 

(a,b and c) together, green arrow indicate the signal increase upon encapsulation. No 

water suppression. 

 
The 1D 1H NMR spectrum of Cram type hemicarcerand in aqueous solution is 

shown in Figure 87a. Upon the bubbling of a butane gas through this solution the cage 

spectrum changed which clearly demonstrate its affinity toward the hydrocarbon (Figure 

87b). It was the most evident by changes in aromatic region of a spectrum (7.0 - 8.5 

1H [ppm] 
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ppm). The spectrum of free cage displays multiple peaks in this region, which collapse 

when butane has been added, instead the single peaks appear, slightly shifted to the low 

field region. These changes may imply that the cage which exists as a mixture of different 

conformations or is occupied either be argon or water molecules displays one dominant 

structure when it binds the butane. The almost complete disappearance of the multiple 

peaks suggests that most of the host molecules are already occupied by a guest. No free 

butane was observed (~1.2 and ~0.8) by that time but an additional peak which appeared 

at -0.2 ppm is assumed to correspond to bound butane. The additional NMR spectral 

changes were detected when an excess of gas was used (Figure 87c). The cage spectrum 

appeared to be even more homogeneous suggesting complete gas encapsulation. 

Additionally two signals appeared at 1.2 and 0.76 ppm corresponding to free butane and 

by increasing spectral width the missing peak for alkyl protons from bound butane was 

found at -2.1 ppm. The significant difference in chemical shifts between nuclei of free 

and encapsulated gas implies the slow exchange processes on the NMR time scale as well 

as high exchange barriers. 

The more detailed 2D NMR experiments, COSY (Figure 89), TOCSY (Figure 90) 

and NOESY (Figure 91) helped us to identify every proton in the spectrum (Figure 88).  
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Figure 88. Cram-type hemicarcerand (upper left) with labeled protons (a-i; upper right) 

and 1D 1H NMR for cage (orange) and cage in the presence of butane (green) with 

assigned protons. Note that the nucleus b is here invisible because the water peak. 

 
Figure 89. 2D COSY for the cage+butane sample at 5°C.  
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Figure 90. 2D TOCSY for the cage+butane sample at 5°C. Note, that there is an 

additional cross peak for free butane (k) at ~3.5 ppm (label k’l’). 

 
Figure 91. 2D NOESY for the cage+butane sample at 5°C showing the interaction of the 

cage protons. 
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These results explain why the aromatic region appeared to be so different upon 

butane binding. The protons g and f which are located on four o-xylyl bridges of the cage 

are directly involved in host binding. This part of the cage is also most flexible, which 

was shown in previous section of this thesis. The 2D experiments show also that the d 

nuclei are not equivalent. The d1 is the one which is directed out of cage while d2 is the 

inward-facing proton of the -OCH2O- bridge and thus appears to be more sensitive to the 

presence of the gas in the cavity (Figure 87d). In empty cage, these protons were seen as 

doublets at around 4.2 ppm, and they transform into one doublet shifted 0.3 ppm upfield 

upon encapsulation. 

NOESY also reveals a number of interactions between the free (labeled k for the 

CH2 and l for the CH3 group) and bound butane (labeled m for the CH2 and n for the CH3 

group) (Figure 92). The strong cross signals between the protons of in free (k•l) and 

bound (m•n) butane were seen, as well as cross peaks between the same type of nuclei 

inside and outside the cavity (k and m or l and n), which imply proton exchange between 

inner and outer sphere of the cage. Additionally, the free butane nuclei display cross 

peaks with two other peaks, labeled o and p, located next to the bound butane signals, m 

and n peaks respectively, about 0.2 ppm upfield. These cross-peak signals suggest that 

there is a second butane molecule inside the cage.  The upfield position of these nuclei 

implies that they are shielded by the cavity aromatic rings. Since these peaks are broader 

it may suggest that rapid rotation of the guest on the 1H NMR time scale takes place.  
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Figure 92. 2D NOESY for cage+butane at 5°C showing the butane region (-2.0-1.5 ppm) 

with labeled cross-peaks between the butane protons outside and inside the cage. 

 
Figure 93. 2D NOESY for the cage+butane sample at 5°C showing the interaction 

between a cage and butane molecules. 
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The number of interactions between cage protons and butane peaks verify the 

butane encapsulation (Figure 93). Both nuclei, m and n, displayed the interaction with the 

g and d protons of cage molecule. Additionally, the methyl group of the bound butane 

(peak l) give the cross signal with nuclei a and c. These results imply that the butane 

molecule is aligned along the long north-south axis of a cage and explain the chemical 

shift of the nuclei from the trapped gas. The methylene groups of the trapped gas (-0.2 

ppm) are more in the center of cavity, partially covered from water solution, which result 

in Δδ=1.4 ppm with respect to position of methylene groups from gas without the cage. 

The methyl groups appear under the cavity aromatic rings which cause larger shielding 

and almost 3 ppm shift with respect to position of methyl group from butane without the 

cage. (Figure 94a). The same alignment was previously suggested by Rudkevich et al. for 

encapsulated hydrocarbon inside cage.171 Our simple AM1 calculation shown in Figure 

94 b, c, d display that the butane either in trans or cis conformation may form complex 

with a cage with low cost of energy. The cage exhibits almost the same conformation 

regardless is occupied by cis- or trans- butane aligned either along the long north-south or 

west-sound axis of a cage. The calculated gas-phase energy differences between these 

complexes are smaller than 2 kcal/mol (Figure 94). The encapsulation of the second 

butane molecule leads to some distortion in the capsule structure (Figure 94 e) and a 13 

kcal/mol increase in energy.   
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Figure 94.  Encapsulated butane inside the cage: a) The hemicarcerand with highlighted 

cage protons giving the cross-peak with bound butane aligned along the long north-south 

axis of a cage. Side and upper view of entrapped butane in b) cis-convormation aligned 

along the south-west axis of a cage, c) cis- and d) trans- convormation aligned along the 

long north-south axis of a cage; e) two butane molecules trapped inside the cage in their 

equilibrium geometries (in cis and trans conformation) as well as the corresponding 

energy difference between the complexes in kcal/mol (AM1 in vacuo). 

 

After the cage-butane complex reached equilibrium, much larger signals for bound 

butane was seen (Figure 95 c) and some additional peaks appeared in aromatic spectrum 

of the 1D 1H NMR (Figure 95 b) even more shifted downfield. This suggests that some 

fraction of occupied cage changes its conformation, possibly due to the binding of the 

second butane molecule. This was observed both at 5 and 25°C (Figure 95).  
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Figure 95. 1D 1H NMR spectra of the cage and butane at 5°C (blue) and 25°C (red). Free 

butane signal is highlighted by light blue circles. Arrows shows the increased intensity 

after the sample reaches equilibrium; orange for the cage protons (b), pink for the bound 

butane (c). 

 
The longitudinal relaxation times for butane and a cage (Figure 96, Table 14 and 

15) at various temperatures were measured. The results show that the T1 times for the 

methyl and methylene groups gradually increase for the encapsulated butane molecule as 

the temperature raise. The longer T1 means a lesser mobility for the trapped guest inside 

the cage. Higher T1 observed in the o and p peaks (2.44 and 2.45 s respectively) compare 

to m and n peaks further verify that some faction of a cage is encapsulated by two butane 

molecules.  
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Figure 96. Longnitudal relaxation time for bound and free butane (left) and a cage 

(righlt) at 5 and 25°C. The a-h leters correspond to the different nuclei characterized. 

 

Table 14. 1H longitudinal relaxation time for butane in the presence of cage. 
  T1 [s] 

T 
[°C] 

CH2_out(k) CH3_out(l) CH2_in(m) CH3_in(n) CH3_in2(o;p) 

5 1.69 1.92 1.79 2.01 2.44; 2.45 
25 1.93 1.95 2.39 2.5   

 
Table 15. 1H longitudinal relaxation time for cage nuclei (a-g) in the presence of butane. 
 T1 [s] 
T [°C] g f c d1 e b d2 a 
5jj  1.81 3.97 0.71 1.35 0.32 1.11 1.33 0.39 
25 2.09 5.77 0.84 1.18 0.80 - 1.14 0.45 
 
 

The comparison of T1 values for free butane in the sample with and without the 

cage was not possible because the T1 obtained for butane in aqueous solution gave 

inconclusive results. This is partially because chemically equivalent protons are not 

                                                
jj The average value from two measurements. 
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magnetically equivalent. Furthermore, the butane spectrum was changing in time and 

after a few days additional peaks were seen close to original butane peak (k) and ~3.5 

ppm, (k’l’). This was observed both in the sample containing the cage (Figure 95a, light 

blue circle) and for free butane (Appendix 14, 15). 1D NMR spectra compute on Spartan 

indicate that additional butane molecules cause spectral changes and appearance of new 

signals across the spectrum (Appendix 13).  

Integration of the NMR signals at 5 and 25°C showed the predominant of 1:1 

stoichiometry for the cage-butane inclusion complex (Appendix 16, 17) and imply that 

over 80% of host molecules are occupied by guest. The additional butane signal (peaks o 

and p) detected next to m and n nuclei may imply that same small fraction of the guest 

molecules (less than 15%) exists as an enclosure dimer. The packing coefficient 

(PC=Vguest/Vhost) for 1:1 complex is equal to 0.44 which is more close to the occupancy 

factor for a liquid butane (PCliquid=0.47) rather than supercritical butane (PCsupliq 

=0.19).186 These results are opposite to those obtained by Cribb et al, where the butane 

appeared to behave as a supercritical liquid inside the nano-capsules.186 The packing 

coefficient for 2:1 of butane@cage complex is equal to 0.88kk.ll This is higher than the 

average 55% value observed for encapsulation of organic guests in solution and would 

suggest that the butane molecule start to behave as molecules in a solid phase.  

                                                                                            

                                                
kk So high PC value, higher than any other reported in literature, is due to the fact that the 
packing coefficient for this complex was calculated using the same volume of cage’s 
interior (200Å3) as for 1:1 butane:cage complex. Since the cage witch traps two butane 
expands its volume, the correct PC for 2:1 butane:cage complex should be slightly 
smaller. 
ll The density for butane at 1atm and 0°C is equal 0.6 g/ml; packing coefficient 0.55. 
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SF6 trapping 
 
 
Bubbling SF6 through a solution of cage in D2O resulted in the formation of the 

SF6-Cage complex, as observed by 1H NMR. Similarly as in case of butane, the aromatic 

nuclei as well as proton d2 of the cage displayed a shift (Figure 97), although not so 

pronounced as previously.  

 
Figure 97. 1D 1H NMR for a) free cage (blue) and cage after bubbling with SF6 (orange) 

with labeled protons (a-g) and b) the 4-8 ppm region showing the spectral changes upon 

gas encapsulation at 20°C. Note that the nucleus b is not invisible because the water peak 

was not suppressed. 

 
Signals corresponding to the SF6 were observed in the 19F NMR spectrum (Figure. 

98, Table 16) in the presence and absence of cage. In the absence of the cage only single 

peak at about 58.2 ppm corresponding to the dissolved gas was observed. Two singlets, 

one at the same frequency of 58.2 ppm and another shifted 0.2 ppm upfield were 
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observed in the sample containing the cage confirming the encapsulation. The positions 

of the fluorine peaks are only slightly affected by temperature changes (Table 16). 

 
Figure 98. 1D 19F NMR for a) SF6 in D2O solution (green); b) SF6 in the presence of the 

cage (orange) at 20°C. 
 

 
Table 16. Chemical shifts δ in the 19F NMR and the 19F longitudinal relaxation times for 

the SF6 in the absence and presence of cage. 

 δ [ppm] T1 [s] 
 SF6 Cage +SF6 SF6 Cage +SF6 

T [°C] out out in  
Δ δ in-

out  out out in  
5 57.83 57.84 57.58 0.26 1.03 ± 0.07 1.01 ± 0.11 0.56 ± 0.02 
20 58.12 58.13 57.90 0.23 0.89 ± 0.02 0.88 ± 0.04 0.54 ± 0.01 
30 58.31 58.32 58.11 0.21 0.85 ± 0.05 0.86 ± 0.04 0.57 ± 0.05 

 

The 19F longitudinal relaxation time (T1) measurements were carried out at 5, 20 and 

30°C for saturated SF6 dissolved in D2O and in a 2.0 × 10-4 M solution of the cage (Table 

16, Figure 99). The longitudinal relaxation times measured for the free SF6 in the absence 

and in the presence of cage are almost the same and close to 1s, while for the 

encapsulated guest the relaxation times are almost two times shorter. Very similar values 

were obtained by Luhmer et al. (0.99 s for the free and 0.46 s for the trapped SF6 at 25°C 
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inside the cucurbit[6]uril).187 The longitudinal relaxation of SF6 in D2O solution is 

dominated by the spin-rotation interaction, which is mediated by molecular collisions, as 

indicated by shorter values at higher temperature.188 When confined to cage interior, 

additional collisions of molecules with the cage walls substantially change T1.189,190 

 

Figure 99. Temperature variation of 19F longitudinal relaxation time (T1) (left) and the 
19F chemical shift of SF6 (right) in the absence (green) and the presence of cage. 

 
The small differences in chemical shifts between free and encapsulated gas implies 

that the guest is only slightly shielded by the cage and indicates association in the center 

of cage cavity. This also implies that the cage is occupied by one molecule of SF6. The 

packing coefficient for the 1:1 cage:SF6 complex is equal to 0.37 which is close to the 

occupancy factor for liquid SF6 (PCliquid = 0.40)mm rather than supercritical SF6 (PCsupliq 

=0. 23)nn.  

                                                
mm Density of liquid SF6 at T=25 °C is equal 1.33 g/mL 
nn Critical density of SF6 at T=45.6 C and P=36.6 atm is equal 0.755 g/mL 
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For the 1:1 stoechiometry of SF6 encapsulation the equilibrium is written as (27): 

     (27) 

where ki and ke are the kinetic rate constants for the inclusion and escape of SF6, 

respectively. The corresponding equilibrium constant, Keq, is defined by (28): 

         (28) 

 

where [SF6 in] is equal to the molar concentration of the inclusion complex. The residence 

time of SF6 within the cavity of cage, τin, and the residence time of SF6 free in solution, 

τout, can be expressed by line widths measured for SF6 inside (Δν1/2 in),  outside the cage 

(Δν1/2 out), and in the solvent without the cage(Δν1/2 S): 

 

         (29) 
 

         (30) 

Based of these approximations, the residence time of SF6 inside the cage is τin =1.6 

s, while the equilibrium constant for SF6 encapsulation into cage yields Keq = 4×104 M-1. 

This value is larger that the value of Keq = 3.1 × 104 M-1 reported by Luhmer et al. for 

encapsulation of SF6 in cucurbit[6]uril187 and much higher than for equilibrium constant 

of SF6 encapsulation inside α-cyclodextrin, Keq=28 M-1.180 

The saturation transfer experiment, in which the 19F peak corresponding to SF6 

inside the cage was saturated for a given length of time-resolves the NOE signal 

corresponding to 19F from SF6 outside the cage (Figure 100). The exchange rate and 

residence time determined based on these measurements give values of ki=0.7 s-1 and τin 

ke 

ki 
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=1.4 s, respectively, and agree very well with the values based on the linewidth analysis 

(previous page). 

 

Figure 100. The saturation transfer experiment. Left graph shows 1D 19F cycle-NOE 

NMR spectrum for the SF6 inside the cage. NOE peak corresponding to the SF6 outside 

the cage is phased positive and the saturated 19F peak corresponding to SF6 inside the 

cage is phased negative. Right plot shows the intensity of the unsaturated resonance when 

the exchanging resonance is saturated for a given length of time. 
 

4.3 Conclusions 

We have demonstrated the ability of the water soluble Cram-type hemicarcerand to 

encapsulate hydrophobic gases such as butane and sulfur hexafluoride. Both gases have a 

similar volume of about 80 Å3 which perfectly fits to 200 Å3 cavity of the cage. The 

NMR results imply that the SF6 locates itself in the center of the cavity and thus only 

slightly affect the conformation of the host. On the other hand, butane molecules prefer to 

align themselves along the long north-south axis forcing the host molecule to undergo 

larger structural adjustment, reflected by bigger changes in the 1D 1H NMR spectrum of 

the cage.  
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The spin–lattice relaxation times depend significantly on the nature of the gas 

molecule and the dominant relaxation mechanism. The T1 for butane was longer for 

molecules trapped inside the cage than in solution, while for the SF6 the T1 decreased 

upon encapsulation as a result of the dominant spin-rotation interaction contribution to 

the relaxation mechanism.  

The 1:1 host:guest ratio dominates for both gas molecules, however additional 

signals in the case of butane indicate that encapsulation of two guests is feasible. The 

encapsulation of a second molecule is possible thanks to structural flexibility of the cage 

molecule which can adapt to the guest. The calculated packing coefficients for butane and 

SF6 in the 1:1 complexes suggest liquid-like behavior. The encapsulation of the second 

butane molecule forces the guest molecules to accept solid state packing.  These 

observations agree with Cram’s conjecture that the cage interior can viewed to be 

vacuum-like, liquid-like, or even solid-like, depending on the volume of the guest relative 

to the size of the void. 

In conclusion, this work demonstrates the new possibility of using Cram-type 

hemicarcerand as gas-capture device for gas purification, storage or sensing. The 

potential use of hemicarcerand in the biomolecular context was shown in previous 

chapter, here we increase the range of applications and at the same time present 

possibility of using solution state 19F NMR of trapped SF6 inside a cage for biomedical 

sciences where the trapped gas could be directed to a biomedically relevant protein target 

to act as biosensor.  
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5. Supporting Information 

Supporting information for chapter 2 

 
Appendix 1. Gaussian line shape analysis of the contributions of conformers F420 and 
F450 to the overall spectra of the HPLC fractions of ZnP450 rich in F450 (top) and F420 
(bottom). 
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Fitting gaussian functions to the UV-Vis spectra reveals in detail the spectral 

contribution of the conformers to the overall spectra of fractions rich in F420 and F450, 

respectively (Appendix 1). It was found that gaussian functions reproduce the 

experimental line shapes significantly better than lorentzians. The peaks at 449 and 370 

nm belong to form F450 and the peak at 424 nm to form F420. The features at 440 and 

635 nm appear when the sample was exposed to oxygen. This phenomenon was 

previously described by Morishima et al. The presence of oxygen disturbs the 

fluorescence spectrum of the protein as well and leads to increased intensity at 640 nm 

(Appendix 2). As described in the main text, all samples used in the electron transfer 

measurements were thoroughly degassed. 

 
Appendix 2. Fluorescence excitation and emission spectra of ZnP450 collected under 
aerobic conditions. 
 
Appendix 3. The thermodynamic parameters for both forms of ZnP450 complexed with 
the quenchers. 
  E0  [V] ∆G0 for F450 [eV] ∆G0 for F420 [eV] 
FTMA Eox  [V] =0.64oo  0.33  0.23 
Q2  Ered  [V] =0.3pp -0.51 -0.62 
Q4  Ered  [V] =0.3b -0.51 -0.62 
 

                                                
oo T. Komura, T. Yamaguchi, K. Noda, S. Hayashi, Electrochimica Acta 2002, 47, 3315-
3325 
pp G. J. Gordillot, and D. J. Schiffrin, J. Chem. Soc. Faraday Trans. 1994, 90, 1913-1922. 
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Appendix 4. Phosphorescence spectra of ZnP450 (2×10-6 M) in the presence of FTMA. 
CoQ2 and CoQ4 (5×10-5 M). The protein spectrum excited at 420 nm which possess 
emission maxima characteristic for a F420 (at 590 and 640 nm) and F450 form at 768 nm 
(dotted line, ZnP450+quencher). Form F450 when excited at 450 nm, with maximum at 
768nm normalized to the spectrum of ZnP450 excited at 420 nm (light line, F450 + 
quencher) and the F420 form obtained by deconvolution of F450 from the spectrum of 
ZnP450 when excited at 420 nm with phosphorescence maximum at 723 nm. 
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Appendix 5. Spectral features of ZnP450 (2×10-6) in the presence of TMA (5×10-5 M); 
(A) Protein absorption spectrum (B) The protein phosphorescence excited at 420 nm 
which possess emission maxima characteristic for a F420 (at 590 and 640 nm) and F450 
form at 768 nm(dotted line, ZnP450+quencher). Form F450 when excited at 450nm, with 
maximum at 768 nm normalized to the spectrum of ZnP450 excited at 420 nm (light line, 
named F450 + quencher) and the F420 form obtained by deconvolution of F450 from the 
spectrum of ZnP450 when excited at 420nm with phosphorescence maximum at 723 nm. 
Normalized emission decay profiles of Znp450 in the presence of TMA when excited at 
420 nm  and emission monitored at 590 nm (C) and when excited at 450 nm and emission 
monitored at 768 nm (D) at pH=7.4. 
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Appendix 6. Normalized fluorescence decays of 1ZnP450 (F420) (40 mM KPi, 0.1M 
camphor, pH=7.4) in the presence of FTMA, CoQ2 and CoQ4 (5×10-5 M) at pH=7.4, 
excited at 420 nm with 590±10 nm band pass filter, fitted to the single exponential 
functions to convoluted reference sample. 
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Appendix 7. Normalized fluorescence decays of 1ZnP450 (F450) (40 mM KPi, 0.1M 
camphor, pH=7.4) in the presence of FTMA, CoQ2 and CoQ4 (5 ×10-5 M) at pH=7.4, 
excited at 450 nm with 670±10 nm band pass filter, fitted to the single exponential 
functions to convoluted reference sample. 
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Appendix 8. Normalized emission decay profiles of 2 ×10-6 ZnP450 in the presence of 
energy transfer quenchers (saturated solutions except of AnCOOH (20 µM), ReA (70 
µM) and bC (70 µM)) excited at 450 nm and emission monitored at 768 nm pH=7.4. 
   
Appendix 9. Thermodynamic parameters for F420 complexed with the triplet energy 
acceptors and computational values of internal reorganization energies λi for redox 
partners.  
  E0  [V] qq,rr ∆G0 for F420 [eV] λi [eV] 

ZnPP 
Eox  =   0.80 
Ered  = -1.30  

0.366 

Az 
Eox  =   0.95 
Ered  = -1.41 

 0.53 
 0.49 

0.397 

CHT Ered  = -2.90  1.68 0.850 

An 
Eox  =  1.09 
Ered  = -1.95 

 0.67 
 1.08 

0.824 

AnCOOH 
Eox   =  0.95 
Ered  = -1.75 

 0.53 
 0.83 

0.437 

DPH Ered  = -1.72  0.80 0.827 
DPO Ered  = -1.62  0.70 0.910 
ReA Ered  = -1.41  0.50 1.043 
bC Ered  = -1.63  0.71 1.251 

                                                
qq Murov, S. L.; Carmichael, I.; and Hug, G. L.; Handbook of Photochemistry, 2nd Ed., 
Dekker, New York, USA 1993 
rr Shen, C.; Kostić, N. M. Inorg. Chem. 1996, 35, 2780-2784. 
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Supporting information for chapter 3 
 

 

Appendix 10. Titration of Zn-cytochrome c (1×10-6 M) with the empty cage (2×10-4 M) 
at pH = 9 monitored by UV-Vis spectroscopy. 

 
Appendix 11. ET quenching of Zn-cytochrome c (1×10-6 M) phosphorescence by 
tetracarboxynaphthalene (1×10-4 M), encapsulated ruthenocene (1×10-4 M) and ferrocene 
(1×10-4 M) at pH = 7, T = 25 ºC.  
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Supporting information for chapter 4 

 
Appendix 12. 2D NOESY for cage+butane sample at 5°C and 25°C, showing the butane 

region. 

 

Appendix 13. NMR spectra comput at the Hartree-Fock level, 3-21G basis set using the 
Spartan 06 software packing by Wavefunction, Inc. 
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Appendix 14. 1D 1H NMR for butane in D2O at 25°C two days after gas bubbling. 
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Appendix 15. 1D 1H NMR for butane in D2O at 25°C week after gas bubbling. (upper 
spectrum shows the 0.5-1.4 ppm range, lower spectrum shows the -0.5-4.5ppm range) 
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Appendix 16.1D 1H NMR spectrum for Cage and butane at 25°C showing integration 
results with respect to six methyl group of cage at 1.6 ppm. 
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Appendix 17. 1D 1H NMR spectrum for Cage and butane at 5°C showing integration 
results with respect to six methyl group of cage at 1.6 ppm.
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