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Abstract

Rates of various intramolecular heme oxidations and reductions in a series of
closely related RuL(X)(His33)cytochromes ¢ [L = bipyridine or phenanthroline
derivatives; X = imidazole (im) or cyanide (CN™)] have been measured over a free-
energy range of 0.54 to 1.89 eV. The driving-force dependence of Fe2+—Ru3+ electron
transfer (ET) is well described by semiclassical ET theory with a coupling-limited rate
(kmax) of 2.8 x 106 s-1 and a reorganization energy of 0.74 eV. As predicted by theory,
the rate of an exergonic (—AG °= 1.3 eV) heme reduction reaction,
*Ru2+(bpy),(im)(His)—Fe3+, falls in the inverted region (k = 2.0 x 105 s-1). In contrast,
the rates of three highly exergonic heme reductions, *Ru?+(phen),(CN)(His)—Fe3+ (3.1
x 105 s1; 1.4 V), Rut(4,4’-(CONH(C;,H5)),-bpy)2(im)(His)—Fe3+ (2.3 x 105 s-1; 1.44
eV), and Rut(phen),(CN)(His)—Fe3+ (4.5 x 105 s-1; 1.89 eV), are much higher than
expected for reactions directly to ground-state products. Agreement with theory is
greatly improved by assuming that an electronically excited ferroheme
(Fe2+—*Fe2+ ~ 1,05 eV) is the initial product in each of these reactions.

In a separate investigation, rates of folding of ferrocytochromes ¢ from horse
(h-cyt ¢) and yeast (y-cyt ¢) were measured over a range of denaturant concentrations
(guanidine hydrochloride, GuHCI) and folding free energies (AGy) using a new ET
triggering technique. The backbone structures of the two homologs are similar, but y-cyt
c is ~15 kJ mol-! less stable than h-cyt ¢ and is unfolded at concentrations of GuHCI ~1.5
M lower than for h-cyt c. Activation free energies exhibit a linear dependence on GuHCl
and AGyfor both proteins, with folding rates decreasing with increasing concentration of
GuHCI (less negative AGy). At a given denaturant concentration, the folding rates for y-
cyt ¢ are about an order of magnitude slower than those for h-cyt ¢, but when the folding

free energies are matched, folding rates of the two homologs are comparable.
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Chapter 1

Thesis Overview
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Cytochrome c is one of the most extensively investigated electron-transfer
proteins.!-> Numerous detailed accounts of the properties of this protein in various
intramolecular*® and bimolecular’ electron-transfer reactions are available. This thesis
explores the development of new methodologies for the study of photoinduced electron
transfer in cytochrome c. Chapter 2 details several photochemical reaction schemes that
can be used to study intramolecular electron transfer in Ru-polypyridyl-modified
proteins, using Ru(phen)(CN)(His33)cytochrome c as an example. This new label is
found to possess photophysical properties which make it more amenable to very high
driving force heme reductions than its predecessor, Ru(bpy)»(im)(His).!? This chapter
also describes the preparation and characterization of the modified protein, as well as
Ru(phen);(CN)(im)*, the compound used to model the photophysical properties of the
protein-bound moiety. Chapter 3 presents a study of the driving-force dependence of
electron-transfer rates in a series of closely related Ru(His33)cytochromes c, using the
methods illustrated in Chapter 2. By varying the ligands on the ruthenium complex and
by measuring heme reduction reactions as well as heme oxidations, a very wide range of
driving forces, including several deep in the Marcus inverted region, is explored.

In Chapter 4, a novel application of photoinduced electron transfer to a very
important biological problem, protein folding,!! is discussed. Techniques which can
initiate folding of proteins on submillisecond timescales are actively being sought in this
field.'? It is shown that for redox proteins in which the stability of the oxidized and
reduced forms are substantially different, rapid electron transfer under suitable conditions
will trigger the process of protein folding. The relationship between the folding rate and
the free energy of folding in horse and yeast ferrocytochromes c is explored using this

method.
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Chapter 2

Preparation, Characterization, and Electron-Transfer Reactions
of Ru(phen)2(CN)(His33)cytochrome ¢



INTRODUCTION

An oxidative flash-quench scheme utilizing a Ru(bpy)2(im)- label bound to a
surface histidine of a protein has recently been developed to study long-range electron
transfer (ET) in biomolecules.! In this scheme, bimolecular oxidative quenching of the
excited state of the label allows facile measurement of intramolecular oxidations of native
redox centers in proteins. This methodology has been particularly useful in determining
the medium dependence of the electronic couplings of ET reactions in proteins such as
cytochrome ¢,>> myoglobin,* and azurin.?

However, the Ru(bpy)2(im)(His)- label, due in large part to its relatively short
excited-state lifetime (~70 ns),® is much less useful in photoreduction schemes. Direct
photoinduced reduction of ferricytochrome ¢ from the ruthenium excited state occurs in
such a small yield that investigators initially failed to observe it.® In addition, attempts to
quench the excited state reductively have met with little success.

It is well known that the photophysical properties of ruthenium-polypyridyl
complexes can be modulated by manipulation of the ligands.”® Perusal of a vast
compilation of photophysical data® indicates that ruthenium polypyridyls containing
phenanthroline (phen) tend to exhibit lifetimes that are ~50% longer than analogous
compounds containing bipyridine (bpy) (e.g., To[Ru(phen)32+] ~ 1.0 us; To[Ru(bpy)32*] ~
0.6 ws),'% and complexes having a cyanide ligand in place of an imidazole (im) often
display lifetime enhancements of up to three to fourfold (e.g., To[Ru(bpy)2(CN)3] ~
250 ns;!! 15[Ru(bpy)a(im),2+] ~ 70 ns). These observations suggest that incorporation of
phenanthroline and cyanide ligands into a histidine-bound ruthenium label might lead to
an enhanced excited-state lifetime and potentially improved behavior in photophysical
ET schemes. This chapter describes the synthesis and characterization of
Ru(phen)>(CN)(His33)cyt c. The photophysical properties of the modified label are

indeed improved over Ru(bpy)2(im)-: yields in both photoreduction and reductive
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quenching experiments are significantly higher. Detailed descriptions of the
measurement of ET rates using these reductive kinetic schemes, as well as the oxidative

flash-quench scheme, are provided.

MATERIALS AND METHODS

General

Protein solutions were concentrated using ultrafiltration units (stirred cells or
centricon devices) from Amicon containing YM3 or YM10 membranes. G-25 Sephadex
(Pharmacia) was used for gel filtration chromatography, and unless otherwise specified,
columns were preequilibrated and eluted with pL = 0.1 sodium phosphate buffer, pH 7.0.
Unless stated otherwise, cation-exchange chromatography was performed using an HR
16/10 Mono S prepacked column attached to an FPLC system (Pharmacia). Linear NaCl
gradients were used for elution (loading buffer (pump A) p = 0.1 sodium phosphate, pH
7; limit buffer (pump B) 0.25 M NaCl, buffered to pH 7.0 using sodium phosphate (~25
mM)).

Horse heart cytochrome c (type VI) was obtained from Sigma and was typically
purified by cation-exchange chromatography (FPLC) before use. Bovine cytochrome ¢
oxidase (CcO) was prepared by members of Sunney Chan’s research group using the
method of Hartzell and Beinart.!> Buffers were prepared using reagent grade chemicals
and distilled house water purified by passage through a Barnstead NANOpure system.
1,10-phenanthroline (phen), 2,2’-bipyridine (bpy), 4,4’-dimethyl-2,2’-bipyridine (4,4’ -
(CH3)2-bpy), and imidazole (im) were purchased from either Merck or Aldrich and used
as received. p-methoxy-N,N- dimethylaniline (MeODMA) was obtained from p-
methoxyaniline (TCI) by reaction with dimethylsulfate according to a published
procedure, '? followed by room temperature sublimation under static vacuum; it was

stored in the dark under argon until just prior to use. Ruthenium(III) chloride hydrate



(Johnson Matthey or Aldrich) and Tris(2,2’-bipyridine)-ruthenium(II) chloride (Strem or
Aldrich) were used as received. Hexaammineruthenium(III) chloride (Aldrich) was
recrystallized from warm 1 M HCI (<40 °C) before use. Ru(phen),Cly,
Ru(phen);(im),Clp, and Ru(phen),CO3 were prepared by literature procedures for the
analogous Ru(bpy)2Clp,* Ru(bpy),(im)2Cly,'> and Ru(bpy)2CO3'¢ compounds, with

minor modifications.

[Ru(phen)2(CN)(im)]C1

Ru(phen)>Cly (297 mg, 0.53 mmol), KCN (48 mg, 0.79 mmol), and im (47 mg,
0.69 mmol) were refluxed in water/ethanol (1:1) for 3 hours, and the red solution was
roto-evaporated to dryness. The residue was redissolved in a minimum of water/ethanol
(~5:1), and the solution was applied to a cation-exchange column preequilibrated with
water (SP-Sephadex, 12 cm x 4 cm i.d.). A small amount of Ru(phen)>(CN); eluted in
the void volume (with water). Ru(phen)(CN)(im)* was eluted with 0.5 M NaCl (~500
mL). The volume was reduced to ~60 mL by rotary evaporation, yielding an orange
precipitate. After incubation at 0 °C for 2 hours, the solid was isolated by filtration,
washed with ether, and air dried. See Results and Discussion section for 1H NMR

spectrum.

Ru(phen)2(CN)(His33)cytochrome ¢

A solution of ferricytochrome ¢ (0.5 mM, 15 mL; pu = 0.1 phosphate buffer, pH
7.0) was stirred under Ar with Ru(phen)>CO3°2H70 (43 mg, ~5 mM) at room
temperature in the dark for ~40-50 hours. During this time the reaction was monitored
(approximately every 10 hours) by passing a 10-50 pL aliquot of the reaction mixture
down a small G-25 Sephadex column (PD 10, Pharmacia) and measuring the absorption
spectrum of the protein fraction. The reaction was stopped when the average

modification ratio was ~1:1 (Ru:heme), as indicated by an absorbance ratio of



Abs)e6/Absa10 ~ 0.86 (see Figure 2.16). After removal of excess Ru(phen),(Hp0); by
gel filtration (G-25 Sephadex, 30 cm x 2.5 cm i.d.), the protein solution was loaded onto a
cation-exchange “screening” column (SP Sepharose, 3 cm x 2.5 cm i.d.) and eluted with
0.25 NaCl (buffered to pH 7.0). This step was performed to remove multiply modified
and/or other highly binding side products which were seen to semipermanently
contaminate Mono S FPLC columns. The solution which passed through the screening
column was desalted by repetitive concentration/dilution cycles in an Amicon
ultrafiltration cell, and loaded onto a Mono S column for purification by FPLC. The band
eluting at ~60% Buffer B (Ru(phen);(H20)(His33)cyt ¢) was concentrated to ~0.7 mM,
reduced with excess sodium dithionite, and passed through a gel filtration column
preequilibrated and eluted with 0.2 M diethanolamine, pH 9.1. Solid KCN was added (to
make 0.22 N KCN) and the solution (~0.2 mM Ru-cyt c) was stirred under argon in the
dark for 3 days. The reaction was stopped by passage down a gel filtration column, and
the protein solution was oxidized overnight at 4 °C by addition of >100-fold excess of
solid KCoEDTA. The solution was then loaded onto a Mono S column, and
Ru(phen)(CN)(His33)cyt ¢ eluted at 45% Buffer B. Numerous side products were
observed (see Results and Discussion), including unreacted Ru(phen);(H>O)(His33)cyt c,

and one or two additional FPLC runs were necessary to achieve baseline separation.

Spectroscopic Characterization

Absorption spectra were measured using a Hewlett-Packard 8452A Diode-Array
Spectrophotometer. 1H NMR spectra of metal complexes were recorded at 500 MHz
using a Bruker AM500 Spectrometer. The solvent was DO and sample concentrations
were >1 mM. Emission spectra were obtained using an in-house apparatus described
elsewhere;!” the excitation source was a 150 W Xe/Hg lamp (436 nm line).

UV CD spectra (200-350 nm) of (Ru-modified) cyt ¢ solutions in quartz cells of
0.1 cm pathlength (12 uM cyt ¢, 200 pL; u= 0.1 phosphate buffer, pH 7.0) were obtained
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at room temperature using a Jasco J-600 spectropolarimeter. A blank spectrum was
recorded and saved before each spectral acquisition, and was subtracted from the protein
spectrum after the measurement using Jasco software or Kaleidagraph
(Abelbeck/Synergy Software). Each spectrum is the average of 4-8 scans. The output
from the instrument (y, in degrees) is converted to molar ellipticity, [l (in the odd but

conventional units of deg cm? dmol-!), using the formula:'®

[6]M = 100y / ml 2.1)

where [ is path length (in cm), m is the concentration (in M), and 100 is a conversion
factor (100 cm? dmol-! = M-1 cmrl). Mean residue ellipticity, [8] (without the subscript
“M”), which applies only to peptides/proteins, is the average molar ellipticity per amino-
acid residue in the sequence, and is simply equal to []y; divided by the number of

residues in the peptide/protein (104 for horse cytochrome c).

Tryptic Digestion of Cytochromes ¢

A solution of (Ru-modified) cytochrome ¢ (0.5-2 mg) was equilibrated with 0.1 M
NH4HCO3 (pH 8.5) concentrated to 2 mg/mL (~160 uM) using centricon devices, and
transferred to a 15 mL disposable conical tube. 16 pL of a trypsin stock solution
(2 mg/mL in 0.001 M HCI) was then added for every mL of protein solution, and the
solution was incubated at 37 °C. After 6 hours, a second addition of trypsin was made
(16 UL trypsin stock/mL solution). The reaction was stopped after 20 hours (total) by
adjusting the pH to < 2 with a few drops of 1 M HCI. The solutions were flash frozen in
an ethanol/dry ice bath and lyophilized. The lyophilized protein fragments were
dissolved in ~100 uL of aqueous trifluoroacetic acid (TFA) (0.1% by weight) per mg of
protein digested, and loaded onto a PepRPC 5/5 HR reversed-phase column connected to

an FPLC system (Pharmacia). Purification was achieved using a linear gradient from O to
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40% (by volume) acetonitrile [loading solvent (pump A) was 0.1% TFA in water; limit
solvent (pump B) was 0.1% TFA in acetonitrile]; 280 nm absorption was used to monitor
the separation. The ruthenium-containing peptide (as determined by absorption
spectroscopy) was collected and subjected to N-terminal sequencing by the University of

Southern California Cancer Center’s Microchemical Facility.

Kinetics Measurements

Instrumentation

Kinetics were measured by laser-flash photolysis/transient-absorption and
transient emission spectroscopy using the facilities in the Beckman Institute Laser
Resource Center. The excitation source was a dye laser (Lambda Physik F1.3002;
Coumarin 480, 25 ns/pulse, 480 nm, 1-3 mJ/pulse) pumped by a XeCl excimer laser
(Lambda Physik LPX210i). Single-wavelength transient-absorption traces were collected
by directing light from a 75 W xenon arc lamp through the sample, colinearly with the
excitation beam, into a 160B Instruments SA double monochromator. The signal was
detected by a Hamamatsu R928 photomultiplier tube, amplified using a DSP 1402E
programmable amplifier, and digitized with a Tektronix R710 200-MHz 10-bit transient
digitizer connected to a 386-based microcomputer. Kinetic traces are averages of 500-
2000 laser shots, acquired in cycles of 50-100 shots/cycle at a repetition rate of 10 Hz.
Samples were stirred throughout data collection. All kinetics traces were fit to single or
biexponential functions using the KINFIT program written by Dr. Jay Winkler, and
adapted for use on a Macintosh by Torbjorn Pascher. Uncertainties in measured rate

constants are estimated to be 10%.

Determination of Transient Difference Spectra
The difference spectra of various transient ruthenium and MeODMA redox

species were determined by monitoring the single-wavelength kinetics of laser-excited
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solutions of appropriate reagents (see below) by transient absorption at a variety of
wavelengths between 300 and 700 nm. All kinetic traces for a given spectral
determination were acquired on the same sample on the same day. All experiments were
performed in p = 0.1 sodium phosphate buffer, pH 7.0; solution volumes ranged from 2-4
mL. Solutions were Ar-degassed by repetitive pump/fill cycles in vacuum cells fitted
with 1 cm quartz cuvette side arms.

The difference spectrum of the Ru3+ state (Ru3+ — Ru2*) of Ru(phen)(CN)(im)*
was determined using solutions of [Ru(phen)(CN)(im)]Cl (20 uM) and Ru(NH3)6Cl3
(12 mM). A solution containing Ru(bpy)3Cly (18 uM), Ru(NH3)Cl3 (5 mM), and
MeODMA (~200 pM) was used to determine the spectrum of MeODMA ®*. The sum of
the Ru* difference spectrum of Ru(phen)>(CN)(im)*+ (Ru* — Ru2+) and the spectrum of
MeODMA ®* was determined using solutions of [Ru(phen),(CN)(im)]CI (~35 uM) and
MeODMA (~5 mM); the excited-state difference spectrum (*Ru2+ — Ru2+) was
measured during these experiments as well. Concentrations of ground-state species were
determined using the following extinction coefficients: Ru(bpy)32* (€452 = 14600

M-1 cm-1),19 MeODMA (g239 = 10320 M-1 cmr1).20

Ru-cytochrome c Electron-Transfer Experiments
Protein solutions for oxidative flash-quench measurements were reduced by

excess sodium dithionite and passed through a gel filtration column just prior to each

experiment. Solutions (1.5-4 mL) of 12-20 uM Ru-cyt ¢ and either 1-12 mM

Ru(NH3)6Cl3 (for oxidative flash-quench experiments) or 5-9 mM MeODMA (for

reductive flash-quench experiments) in L = 0.1 sodium phosphate buffer, pH 7.0, were

Ar-degassed as noted above. Mild warming was necessary to solubilize MeODMA.

Power-Dependence Experiments

Transient absorption kinetics of a solution of 18 uM Ru(phen)>(CN)(His33)cyt

c(Fe3*) were measured at 339 nm over a pulse power (incident intensity) range of O to 4.9
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mJ/pulse to determine the Ae values for *Ru(phen)(CN)(His).?2! The pulse power was
adjusted between 0 and 3.2 mJ/pulse using a pair of polarizers in the path of the laser
beam; rotation of one polarizer relative to the other results in a diminished intensity
passing through the set. A power of 4.9 mJ/pulse was attained by removing the polarizers
from the path entirely. Pulse power was measured using a Scientech 372 Power and
Energy Meter.

It can be shown that the concentration of an excited-state species, C*, produced
by laser excitation with incident intensity /, depends upon I according to the following

relation:?!

C* = Cp(1 — b1 (2.2)

in which Cp is the concentration of the photoexcitable species in solution (b is a product
of constants relating to the probability of absorption of light; the details are not important

to this analysis). Substituting this expression into Beer’s Law, AAbs), = Ag)C*d (d is the

path length) yields:

AAbs), = AgyCopd(1 — e~b1) (2.3)

AAbs/pulse-power data were fit to Equation 2.3 using Kaleidagraph to obtain Agy. It is
important to note that Equation 2.3 is not valid at very high powers since excited states of

the excited state can be generated (i.e., two-photon excitation can occur).

RESULTS AND DISCUSSION

Synthesis and Characterization of [Ru(phen)>(CN)(im)]Cl
The idea of making small inorganic complexes as models for more complicated

protein-bound inorganic species is a pervasive concept in bioinorganic chemistry.?? We
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have prepared Ru(phen),(CN)(im)* to model the properties of a putative
Ru(phen),(CN)(His)*- moiety, in which the histidine (His) is a surface-exposed residue
of a protein. Our purposes for making this model are threefold: 1) to use the model
compound, which is easy to make in large quantities, to determine whether or not to
pursue the more complicated and costly procedure of actually modifying a protein with
this reagent; 2) if the protein is in fact made, to use the model compound to characterize
spectral and photophysical properties of the protein-bound complex which are difficult to
determine directly due to the presence of the protein; and 3) to help verify the identity
and integrity of the labeled protein once it has been prepared.

Cation-exchange chromatography of the products of the reaction of Ru(phen),Cl;
with KCN and imidazole yields three major bands. The first band elutes with the void
volume, has an MLCT absorption band with a maximum at about 400-410 nm, and emits
bright orange upon irradiation with 366 nm light (handheld UV lamp). These properties
are characteristic of Ru(phen)(CN),.!! The third band has an absorption maximum at
484 nm and emits red light upon irradiation, characteristic of Ru(phen),(im),2+
(Appendix A). The middle fraction exhibits an MLCT band roughly midway between
that for Ru(phen),(CN); and Ru(phen)(im)72+ (Figure 2.1; Amax = 442 nm), as expected
for the desired product: Ru(phen)2(CN)(im)*.

The 'H NMR spectrum is consistent with this assignment. Unlike
Ru(phen),(CN); or Ru(phen);(im),2+, Ru(phen),(CN)(im)* has no C; axis of symmetry,
and thus all 16 phenanthroline protons are distinct in the 1H NMR spectrum (Figure 2.2;
compare with Figure 3.1). The splitting patterns and integrations are as expected;
phenanthroline protons: d at 9.89 (1), d at 8.68 (1), d at 8.54 (1), d at 8.45 (1), d at 8.31
(1),dat8.17 (1), d at 8.02 (1), d at 7.99 (1), m at 7.91 (3),dd at 7.81 (1), d at 7.74 (1), d
at 7.70 (1), dd at 7.32 (1), dd at 7.16 (1); imidazole protons: s at 7.61 (1), s at 6.86 (1), s
at 6.64 (1).
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The 3MLCT state emits with a Apax of ~680 nm and an estimated Epg of 2.2 eV
(560 nm); a time-resolved emission measurement yields an excited-state lifetime of
500 ns (Figure 2.3). This is seven times longer than the corresponding 3SMLCT state of
Ru(bpy)2(im)»2+ (70 ns),! consistent with the trends noted above in comparing other

ruthenium polypyridyl compounds with similar ligand swaps.

Difference Spectra

All ET measurements described in this thesis were made using transient
absorption spectroscopy. In our setup, absorption is recorded in difference mode. That
is, measured absorption values represent the post-laser-flash absorbance minus the pre-
laser-flash absorbance (AAbs). In order to meaningfully plan kinetics experiments and
interpret kinetics data, it is essential to know the difference spectra of the species present
during ET reactions. The cyt ¢ heme iron exists in only two possible states (Fe3+ and
Fe2+) during the ET reactions discussed in this thesis, and both of these states can be
easily prepared as steady-state species under normal conditions. The spectra of each
redox form and the corresponding (Fe2+ — Fe3+)cyt ¢ difference spectrum are shown in
Figure 2.4. The ruthenium center in Ru(phen);(CN)(His), on the other hand, accesses
several states (¥*Ru2+, Ru3+, and Ru*) in the photoinduced ET reaction schemes described
in this thesis. These species are not stable under normal conditions. In order to
determine the difference spectra of these short-lived states, oxidative and reductive
quenching schemes involving the model compound Ru(phen),(CN)(im)* were employed.
Working with the model compound is more convenient than studying the Ru-modified
protein directly, since in the latter case absorption contributions from the protein
complicate the spectrum, and ET processes involving the heme can occur as well,
complicating the analysis even further. An oxidative quenching scheme is also used to

determine the spectrum of the oxidized state of one of the quenchers, MeODMA®*,
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which is only transiently stable as well. Results from these experiments are described

below.

(Ru3+ — Ru?*) Difference Spectrum

The (Ru3+ — Ru2*) difference spectrum of Ru(phen),(CN)(im) was determined
using a simple oxidative photochemical quenching scheme (Figure 2.5, top; Q1 =
Ru(NH3)g3*). The excited state of Ru(phen),(CN)(im) is efficiently quenched via
electron transfer to Ru(NH3)g3+ to form Ru3+(phen)(CN)(im) and Ru(NH3)g2* in less
than a microsecond (k; = 1.8 x 109 M-! s-1). Data collected at 450 nm, at which both
*Ru2+ and Ru3+ difference spectra exhibit a bleach, are shown in Figure 2.5 (bottom).
Owing to the optical transparency of Ru(NH3)g in both oxidation states over the
wavelength range of interest, the difference spectrum just after the fast kinetic phase (at
2.5 us), obtained from multiple single-wavelength kinetics traces, describes the
Ru(phen),(CN)(im) (Ru3+ — Ru2+) difference spectrum (Figure 2.6). Bimolecular
recombination of the photoproducts occurs on a much longer timescale (~ms) due to the

low concentration of species generated (~UM).

Spectrum of MeODMA®*

A variant of the simple oxidative quenching scheme was used to determine the
spectrum of the radical cation of p-methoxy-N,N-dimethylaniline (MeODMA ®*) (Figure
2.7, top; Q 1= Ru(NH3)g3+; “Ru” in this scheme refers to Ru(bpy)3 rather than
Ru(phen),(CN)(im)). Laser excitation of solutions of Ru(bpy)32+, Ru(NH3)32+, and
MeODMA yields biphasic kinetics on a fast timescale (<25 us) (Figure 2.7, bottom).

The first phase (kops = 7 x 100 s71) represents oxidation of *Ru(bpy)32+ by Ru(NH3)g3+
to form Ru(bpy)33+ and Ru(NH3)g2*. The second phase (kops = 4 x 105 s-1) represents
thermal bimolecular oxidation of MeODMA by Ru(bpy)33+; this phase is pseudo first

order due to the greater than tenfold excess of MeODMA over photogenerated
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Ru(bpy)33*. Again, due to the optical transparency of Ru(NH3)g, the AAbs values after
the second kinetic phase (at 25 us) are ascribed entirely to MeODMA ®* (Figure 2.8).
The spectrum was scaled assuming a value of 7200 M-! cm-! at 484 nm.?*> Equal-
concentration bimolecular recombination between Ru(NH3)g2+ and MeODMA ®* occurs
on a long timescale (~ms).

The key to this experiment is in choosing the appropriate concentrations of
reagents. Q1 is in 25-fold excess over MeODMA to ensure that the vast majority of
*Ru2* molecules are quenched by Qg rather than MeODMA. But the concentration of
MeODMA is still 10-20 times greater than the amount of Q1~ generated by the quenching
(~10 uM), so that MeODMA gets oxidized by Ru(bpy)33+ before the recombination of

Ru(bpy)3>* with Qi~.

(Ru* — Ru?*) Difference Spectrum (plus MeODMA®™)

“Ru™ denotes the species in which ruthenium is in the +2 oxidation state and one
of the ligands is a radical anion [Ru2+-(di'1mine°_)] (regardless of the overall charge on
the complex). A simple reductive quenching scheme (Figure 2.9, top; Q2 = MeODMA),
analogous to the scheme in Figure 2.5, was used to determine the (Ru+ — Ru2+) difference
spectrum. A kinetic trace, monitored at 339 nm, is shown in Figure 2.9 (bottom). Unlike
in the oxidative quenching scheme, the quencher is not optically transparent in both
oxidation states, and thus the observed spectrum at 2.5 ps is the sum of the oxidized
quencher, MeODMA®™, and the (Rut — Ru?*) difference spectrum (Figure 2.10).

It should be noted that further AAbs changes were observed on a ~100 us
timescale, which is too fast for bimolecular recombination at such low concentrations.
We suspect that the Ru* species undergoes some type of degradation chemistry, perhaps
involving reduction of unreacted MeODMA molecules.

The successful demonstration of reductive quenching of the model compound in

aqueous solution with measurable yields of ET photoproducts is a significant
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accomplishment. *Ru(bpy)32+ has been utilized much more extensively as a
photoreductant than as a photooxidant,?* perhaps indicating the greater difficulties in
achieving reductive quenching in unsubstituted bpy complexes of ruthenium.
Furthermore, of those studies involving reductive quenching of *Ru(bpy)s2+, the majority
have been carried out in organic solvent. We attempted experiments with many
quenchers that have been reported to yield reductive photoproducts in experiments with
Ru(bpy)3. Excitation of Ru(phen),(CN)(im)* in the presence of Co(phen)32+2 or
Ru(NH3)62+26 yielded quenching but no photoproducts. Excitation in the presence of p-

methoxyphenol?’

was also attempted, but no quenching was observed using up to 90 mM
of the quencher. Photoproducts were observed using Fe(CN)g4—,26-28 but the yields were
very small (at least five times smaller than seen with MeODMA) and Stern-Volmer plots
displayed curvature. Tetramethlyphenylenediamine (TMPD)?® quenched
*Ru2*(phen),(CN)(im) to yield a significant amount of photoproducts, but its reduction

potential is too low for use in an ET experiment with cyt c; it reduces the ferriheme

thermally before the laser flash.

*Ru?+ Spectrum; A€ determination

The spectrum of the Ru(phen)2(CN)(im) excited-state species was determined by
extrapolation to “time 0” of each kinetic trace acquired during the reductive quenching
experiment described above; the spectrum is shown in Figure 2.11A. This spectrum was
scaled to give Ae values by measuring the transient absorption kinetics at 339 nm as a
function of power in Ru(phen)(CN)(His33)cyt c(Fe3+) (Figure 2.11B); 339 nm is an
isosbestic point for cyt ¢, and so no interference from the absorption of the protein occurs.
The observed AAbs values, extrapolated to “time 0” for each trace, vary with the pulse
power as dictated by Equation 2.3, yielding a value of Agz3g =7300 M-! s'1 (Cp= 18 uM;

d=1cm).
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Preparation of Ru(phen);(CN)(His33)cytochrome ¢

The advantageous photophysical properties of the model compound clearly
indicated that preparation of Ru(phen)(CN)(His33)cyt ¢ was worth pursuing. The
procedure involved two basic steps: modification of native cyt ¢ with Ru(phen)2(H20)-
to form Ru(phen);(H20)(His33)cyt ¢, and subsequent incubation with cyanide to produce
Ru(phen)2(CN)(His33)cyt ¢ (Figure 2.12). The first reaction is analogous to modification
with Ru(bpy)2(H20)-.6 Ru(phen),CO3 dissolved in aqueous solution readily aquates to
form Ru(phen)2(H20);22+ which will react with nitrogenous ligands such as the imidazole
moiety of histidine residues with a modest rate at room temperature. A cation-exchange
chromatogram of the protein reaction products displays three major peaks: the first band
to elute is unmodified cyt c, the second band is composed of cyt ¢ modified with one
ruthenium compound, and the third peak is largely composed of doubly-modified cyt ¢
proteins (Figure 2.13). The elution sequence is consistent with the fact that each
ruthenium complex adds a net charge of +2 to the already positive cyt ¢ molecule. The
majority of the singly-modified protein in band II is composed of
Ru(phen)y(H20)(His33)cyt ¢; however, it is clear from the chromatogram that several
other products having spectra consistent with a singly-modified cyt c elute both before
and after the presumed His33 band. A prior investigation of Ru(bpy)2(im)-cyt ¢
identified four components (one major and three minor) within the singly-modified band
“envelope,” representing the four combinations resulting from placement of either the A
or A enantiomer of the Ru complex at position His33 or His26.30 It is presumed that the
other products seen here are the analogous Ru(phen),(H»0O)- variants; however, only the
major peak, verified to be a His33-modified protein (see next section), has been
extensively characterized and used in the experiments described in this thesis.

Although the modification reaction has not been carefully optimized, several

conditions have been tried, and a few observations warrant mention. The yield of crude
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Ru(phen)2(H20)(His33)cyt ¢ ranges from 10-19%. The highest yields occurred when the
reaction was carried out on a relatively large scale (>150 mg cyt c), and when using
reduced cyt c rather than oxidized, but we have not specifically tested the reproducibility
of this observation. Changing the ratio of reactants from ~10:1 (Ru:Fe) to ~1.25:1 (using
approximately the same absolute cyt ¢ concentration) resulted in a much longer reaction
time (about 11 days), did not increase selectivity for His33 (as assessed by the
distribution of peaks in the FPLC chromatograms), and resulted in a relatively small yield
of crude Ru(phen)2(H2O)(His33)cyt ¢ (~8%). Similarly, running the reaction in 300 mM
carbonate buffer (pH 8.0) and at tenfold diluted concentration of both reactants led to
reaction times of about 25 days and gave a yield of only 3%.

A cation-exchange chromatogram of the products of the cyanide incubation
exhibits more products than anticipated (Figure 2.14A). The major peak, eluting at 45%
Buffer B (~100 mL; marked with an asterisk), accounts for only about 30% of the starting
material after purification to homogeneity by further FPLC runs. As described in the next
section, this protein is the expected product, Ru(phen)2(CN)(His33)cyt c. Of the other
peaks in the chromatogram, one (marked by a “#”) can be ascribed to unreacted
Ru(phen)(H2O)(His33) (note that this elutes later than the main peak, consistent with the
charge difference between HoO and CN™), but the others remain undetermined. In a
control experiment in which native cyt ¢ was incubated with cyanide under the same
conditions as in the Ru(phen)2(H2O)(His33)cyt ¢ reaction, a similar pattern of
degradation was observed (Figure 13B). Evidently, this is a consequence of the relatively
long reaction time of the ligand-exchange reaction. The extent to which the presence of
the ruthenium complex may affect these degradation pathways or elicit other ones was

not pursued.
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Attempts to use Ru(phen),(CN)(H0) (crude preparation) as a modification
reagent in order to eliminate the CN~ step were unsuccessful. It is possible that cyanide-

bridged ruthenium dimers or oligomers 3! form faster than modification of the protein.

Tryptic Digests

To identify the residue to which Ru(phen)2(CN)- was bound, the protein was
enzymatically cleaved by trypsin, and the resulting protein fragments were separated by
reversed-phase chromatography. The sequence of horse heart cyt ¢, divided into the
expected fragments resulting from tryptic digestion, is shown in Figure 2.15A. The
FPLC chromatogram of the digestion products of native horse heart cyt ¢ (Figure 2.15B)
exhibits a profile similar to that expected for a complete digestion reaction (monitored at
280 nm): the largest peak corresponds to the heme-containing peptide (T4), the medium-
sized peak is due to the fragment bearing a Trp residue (T10), and multiple smaller peaks
arise from those fragments containing Tyr residues (T8, T11, T12, T16). The profile of
the digestion products of the Ru-modified cyt ¢ accords well with that for native cyt c,
except for the presence of a large peak eluting at 30% acetonitrile (Figure 2.15C). The
absorption spectrum of this peptide is characteristic of Ru(phen)2(CN)(im)*; the sizable
absorbance value at 280 nm (relative to the other fragments in the chromatogram)
originates from the tail of the phen (7 to *) transition occurring at 266 nm (€,59 ~ 24,000
M-1 s-1; see Figure 2.1). The purity of this material was verified by capillary-zone-
electrophoresis (Caltech core facility), and the peptide was subjected to N-terminal
sequencing. The resulting sequence, Thrpg-Gly-Pro-Asn-Leu-___ -Gly-Leu3s- [Gly34
and Leu35 appear in extremely small amounts], matches that of the N-terminal portion of
T7, the fragment containing His33. This strongly suggests that the ruthenium complex is
bound to His33 since no other good ligands for ruthenium are present in this fragment,
and the spectral properties of the label on the protein match those for an imidazole-bound

ruthenium complex. As has been observed previously, no signal shows up in the
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sequencing cycle in which His33 is expected; either the presence of ruthenium complex
inhibits the cleavage reaction that occurs during the sequencing protocol, or the fragment
elutes “off-scale”. The fact that severely diminished signals are seen for Gly34 and
Leu35, the residues just after His33 in the sequence, indicates the former explanation.
This observation is thus taken as further evidence that the ruthenium complex is bound at

His33.

Spectroscopic Characterization of Ru(phen)2(CN)(His33)cytochrome ¢

The absorption spectrum of Ru(phen)2(CN)(His33)cyt ¢ can be duplicated almost
exactly by a sum of the spectra of Ru(phen)2(CN)(im)* and unmodified cyt ¢ (Figure
2.16). The excellent match indicates that the addition of the metal complex to the protein
does not significantly perturb the protein structure. Since only approximate extinction
coefficients were determined for the model complex, whereas accurate extinction
coefficients for cyt ¢ are known from the literature,3? the spectrum of
Ru(phen)(CN)(im)* in Figure 2.16 was multiplied by a scaling factor to achieve the best
superposition with Ru(phen)>(CN)(His33)cyt c. These “scaled” extinction coefficients
for the Ru(phen)>(CN)(im)* are the values used for determining the concentration of
model compound, and are those plotted in Figure 2.1.

The far-UV circular dichroism (CD) spectrum of Ru(phen),(CN)(His33)cyt ¢
matches closely that for unmodified cyt ¢ (Figure 2.17), providing further evidence that
the addition of the metal does not perturb the structure of the protein. Interestingly, the
Ru-cyt ¢ spectrum exhibits an additional pair of features, a negative peak at 260 nm and a
positive band at 269 nm, corresponding to the phenanthroline 7t to * transition in the
ruthenium complex. This demonstrates that the modification site prefers a particular
enantiomer of the label (A or A). The same enantiomer also is favored in the reaction of
cyt ¢ with Ru(bpy)2COs3, in which the major product at His33 was tentatively assigned to

be the A isomer.3¢
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Direct Photoinduced Reduction

Intramolecular ¥*Ru2+—Fe3+ ET (*kg7) and Fe2+*—Ru3+ ET (Okgy) were
determined using a scheme involving excitation of oxidized Ru(phen)>(CN)(His33)cyt ¢
(Ru2+*-Fe3+) (Figure 2.18, top). The ruthenium excited state can decay via three
competing first order processes: ET (*kgr), energy transfer (ke ;.), and intrinsic decay
back to ground state (kg). The observed rate constant for decay, which dictates the
observed rate constant for formation of ET products (Ru3+-Fe2+), is the sum of the rate

constants for these processes:

kobs = *kET + kent. + kd 2.4)

Comparison of the observed luminescence decay rate constant of *Ru2+-Fe3+
(kops = 3.7 x 100 5-1) to that of ¥Ru2+-Fe2+ (kops = 2.5 x 100 s-1) cyt ¢ indicates
significant quenching of *Ru2+ by Fe3+ (kg = *kgT + kens. = 1.2 x 100 s°1). Transient
absorption measurements demonstrate that at least part of the quenching is due to ET;
kinetics are biphasic at 377 nm (an isosbestic point for the ruthenium complex)
corresponding to formation (kyps = 3.7 x 100 s-1) and disappearance (Ckgr= 1.0 x 107
s-1) of ET products (Fe2+) (Figure 2.18, bottom). Determination of the yield of ET
(®gT), which is needed to evaluate the value of *kg7 (see Equation 2.6), requires
calculation of the concentration of ET products and excited states generated per laser

flash:

_ [products]  [Fe®]
FT [reactants] [*Ru*]

2.5)
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Using the AAbs amplitudes from fits of kinetic traces at 377 nm (Ru3+-Fe2+) and 339 nm
(*Ru?*) (Figure 2.19), and the corresponding A€ values (~16800 M-! cm-! and 7300 M-1
cm ! respectively), the yield for ET is found to be ~0.084 [0.89 uM Ru3+-Fe2+, 11 uM
*Ru2*]. This yield represents about a sixfold improvement over the yield of
photoreduction achieved using a Ru(bpy)(im)- label at His33,! which makes this system
more suitable for applications such as protein-protein ET (see below).
From the following relation:
= *kET *kET

d. = = =% ke =0k
- hpr Ky v kg K N -

(2.6)

obs
obs

*kpr = (0.084)(3.7 x 100 s-1) = 3.1 x 105 s-1, and hence kg, ;. = 8.7 x 105 s-1. Thus,
~75% of the quenching of *Ru?2+ is attributed to energy transfer and ~25% is due to

electron transfer.

Oxidative Flash-Quench Experiments

FeZ+—Ru3+* ET (%kg7) was also measured using an oxidative flash-quench
method described previously (Figure 2.20; Q = Ru(NH3)¢3+).! Excitation of reduced
Ru(phen),(CN)(His33)cyt ¢ (Ru?*-Fe?+) leads to biphasic kinetics. The first phase
corresponds to bimolecular oxidative quenching of *Ru2+ by Ru(NH3)¢3* to form the
transiently stable Ru3+-Fe2+ form; Ru3+-Fe2+ then undergoes intramolecular electron
transfer (Fe2+—Ru3+) to form Ru2+-Fe3+ in a second phase. On longer timescales (> 1
ms) photoproduced Ru(NH3)g2+ rereduces the heme to return the system to its original
state (Ru2*+-Fe2+; Ru(NH3)g3*). Kinetics monitored at 378 nm are shown in Figure 2.21;
the initial phase exhibits a small decrease in AAbs due to the formation of Ru3+, and the
second phase displays a sizable increase due to the formation of Fe3+ (the loss of Ru3+
contributes to the increase as well). As demonstrated in the direct-photoinduced-

reduction scheme noted above, Ckgrin Ru(phen)7(CN)(His33)cyt ¢ is considerably
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greater than the (unquenched) excited-state decay rate (1.0 x 107 s-! vs. 2.5 x 106 s-1),
This leads to an interesting dependence of the kinetics on quencher concentration: at low
quencher concentrations ([Q1] d 7 mM), the observed rate of formation of Fe2+ is limited
by the rate of excited-state decay since (k4[Q]1 + kg) < Okgr; at high concentrations of
quencher ([Q] t 7 mM), the rate of formation is simply %k gr (Figure 2.21; for [Q;] =1
mM, kops = 3.2 x 100 51, Okpr=9 x 106 s-1; for [Q1] = 12 mM, kyps = 1.4 x 107 s°1;
Okgr=9.9 x 106 s-1). The value obtained from the trace with 1 mM Q; is much more
approximate than the one determined from the [Q1] = 12 mM experiment due to the small
size of the signal for that phase. Note that the value for Okg7 obtained using the flash-
quench method agrees with the value obtained in the direct-photoinduced-reduction

experiment.

Reductive Flash-Quench Experiments

Rut—Fe3+ ET (Rkg7) was measured using a reductive flash-quench procedure
(Figure 2.22), in which MeODMA was the quencher, Q5.8 *Excitation of Ru2+-Fe3+
results in biphasic kinetics. The first phase represents loss of *Ru2+-Fe3+, accelerated by
bimolecular reductive quenching by MeODMA (k4 ~ 6 x 108 M-1s-1). The transient
absorption spectrum immediately after the fast kinetic phase accords with the difference
spectrum (Fe2+ — Fe3+)cyt ¢, indicating some direct intramolecular ET quenching of
*Ru2+ by Fe3+ followed by reductive scavenging by MeODMA (Figure 2.25; S =
MeODMA). A second kinetic phase corresponds to intramolecular reduction of the
ferriheme by Ru*. Identical kinetics were observed at wavelengths corresponding
(primarily) to the oxidation state of the heme (385, 420, 550 nm; see Figure 2.4B) and
the Ru complex (339, 504 nm; see Figure 2.10) (Figure 2.23; Rkgr= 4.5 x 105 s-1). The
transient absorption spectrum just after the second phase accords closely with the sum of
the spectra of (Fe2+ — Fe3+)cyt ¢32 and MeODMA®™ (Figure 2.24).2> On a millisecond

timescale, MeODMA ®* reoxidizes the heme. After many shots, reduced protein is
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observed in the steady-state absorption spectrum indicating some irreversibility. This is

most likely due to dimerization of some of the MeODMA ®* radicals.??

Flash-Scavenge Scheme; Application to Protein-Protein ET

As noted above, the yield of photoreduction using Ru(phen),(CN)(His)- at
position 33 in cyt c is about six times greater than the corresponding yield using a
Ru(bpy)2(im)(His)- label. This yield enhancement extends the applicability of the
Ru(His33)cyt ¢ system; certain experiments which were not practical previously can now
be performed. One such example involves using Ru(His33)cyt c to inject electrons into
physiological redox partners such as cytochrome ¢ oxidase (CcO). The
Ru(phen)(CN)(His33)- system has several properties that make it well suited for this
purpose, especially compared with a similar system that has been reported in which
lysines are modified with ruthenium labels.33>*. His33 lies on the backside of
cytochrome c (i.e., on the side facing away from docked physiological partners)> and the
label is therefore not likely to interfere with the protein-protein binding interface, in
contrast to many of the Ru-Lys modified cytochromes ¢.3¢ In addition, the
Ru(phen)(CN)(His) label is held more closely to the cyt ¢ surface than the Lys-modified
labels,?’ further decreasing the likelihood that the native protein-protein binding
interaction will be disrupted. Lastly, the net charge on the Ru(phen),(CN)(His) label is
+1, compared to +2 for Ru(bpy)2(im)(His) and for one type of Lys-modified label (the
other has a charge of +1). This is important since the physiological redox partners of cyt
c are typically negatively charged, and many of the ET experiments are performed at very
low ionic strength. Under these conditions, direct interaction of the Ru moiety with the
redox partner is a distinct possibility;3® a decreased charge on the ruthenium complex as
in Ru(phen)(CN)(His) decreases the likelihood of this type of interaction. We note that

the recent development of a new class of ruthenium labels in which modified cysteines
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are labeled rather than lysine alleviates many of the problems associated with the Ru-Lys
technology.3®

Excitation of Ru(phen);(CN)(His33)cyt ¢ in the presence of NADH as a reductive
scavenger leads to rapid irreversible reduction of cytochrome ¢ (Figure 2.25, top).
NADH bimolecularly reduces the transiently produced Ru3+-Fe2+, thereby inhibiting the
back reaction (Pkg7). Kinetics monitored at 550 nm show a rapid increase due to cyt ¢
reduction, but then no further change out to >50 ms (Figure 2.25, bottom); the oxidized
NADH radical apparently undergoes decomposition before reoxidation of the ferroheme
occurs. When the same experiment is carried out in the presence of bovine CcO (0.1 M
HEPES, 0.1% Brij detergent), transient absorption kinetic signals consistent with
intermolecular ET between cyt ¢ and CcO are observed: specifically, after initial rapid
reduction of cyt ¢, a decrease is seen at 550 nm, corresponding to cyt ¢ oxidation, and an
increase in signal is seen at 605 nm, corresponding to reduction of the cytochrome a
center in CcO (Figure 2.26).*0 The signal sizes and rate constant of the major phase
(kops ~ 2 x 103 s71) are comparable to those observed under similar conditions
(~physiological ionic strength) using other photoreductants,*!*? indicating that the

system is well behaved.
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Figure 2.1. i
gure Absorption spectrum of Ru(phen)2(CN)(im)* (i = 0.1 sodium phosphate, pH

7.0).
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i 1
Figure 2.2. 'H NMR spectrum of Ru(phen),(CN)(im)* in D,0.
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Figure 2.3. Time-resolved luminescence decay profile of *[Ru(phen),(CN)(im)*].
Aex = 480 nm, 20 ns, 1-2 mJ/pulse; Aghs = 645 nm; [Ru] = 15 uM; p = 0.1 sodium
phosphate, pH 7.0. The smooth line is a best fit to a single exponential function; the
function, fitted parameters, and residual (AY is the difference between the data and the

best fit line) are shown above the trace.
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Figure 2.4. (A) Absorption spectra of oxidized (dashed line) and reduced (solid line)
cyt ¢ (W= 0.1 sodium phosphate, pH 7.0). Spectra were scaled using €410 = 106100 M-1
cm! (oxidized) and €550 = 27700 M-! cm! (Margoliash, E.; Frohwirt, N. Biochem. J.
1959, 71, 570-572). (B) The (Fe2+ — Fe3+)cyt ¢ difference spectrum calculated from the

spectra in (A).
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Figure 2.5. Kinetic determination of the (Ru3+ — Ru2+) difference absorption spectrum
of Ru(phen),(CN)(im). Top: Oxidative quenching scheme. Q; is Ru(NH3)g3* and L
represents a coordinated phenanthroline ligand. The metal-to-ligand charge-transfer
character of the excited state is explicitly depicted. Bottom: Transient absorption
kinetics monitored at 450 nm ([Ru] =20 mM, [Q1] = 12 mM; p = 0.1 sodium phosphate,

pH 7.0). The smooth line is the best fit to a single exponential function as in Figure 2.3.
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Figure 2.6. (Ru3+ — Ru2+) difference absorption spectrum of Ru(phen),(CN)(im)

determined from fits of transient absorption traces obtained as described in Figure 2.5.
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Figure 2.7. Kinetic determination of the absorption spectrum of MeODMA ®*. Top:
Photochemical scheme. L-Ru represents Ru(bpy)s and Q; is Ru(NH3)¢3+. MeODMA °*
is bolded for emphasis. Bottom: Transient absorption kinetics monitored at 450 nm
([Ru(bpy)32+] = 18 uM; [Q1] = 5 mM; [MeODMA] ~ 200 uM; 1 = 0.1 sodium
phosphate, pH 7.0). The smooth line is a best fit to a biexponential function; the

function, fitted parameters, and residual are shown.
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Figure 2.8. Absorption spectrum of MeODMA ®* determined from fits of transient

absorption traces obtained as described in Figure 2.7. The spectrum was scaled using

€484 = 7200 M-1 cmr! (Sassoon, R. E.; Gershuni, S.; Rabani, J. J. Phys. Chem. 1992, 96,

4692-4698).
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Figure 2.9. Kinetic determination of the sum of the (Rut — Ru2*) difference absorption
spectrum of Ru(phen)>(CN)(im)* and the absorption spectrum of MeODMA °*. Top:
Reductive quenching scheme. Q7 is MeODMA. L represents a phenanthroline ligand.
Bottom: Transient absorption kinetics monitored at 339 nm ([Ru] =35 uM; [Q2] =5

mM; 1 = 0.1 sodium phosphate, pH 7.0). Fitting is as described in Figure 2.3.
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Figure 2.10. Sum of the absorption spectra of (Ru* — Ru2+) Ru(phen),(CN)(im) and
MeODMA °*, determined from fits of transient absorption traces obtained as described in

Figure 2.9.
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Figure 2.11. (A) (*Ru2+ — Ru2+) difference absorption spectrum of Ru(phen);(CN)(im),
determined from fits of transient absorption traces obtained as described in Figure 2.9.
(B) Power dependence of the (*Ru?* — Ru2+) AAbs signal at 339 nm following excitation
of a solution of Ru(phen)>(CN)(His33)cyt ¢ ([Ru-cyt c] = C, = 18 uM; i = 0.1 sodium
phosphate, pH 7.0). The curve is the best fit to Equation 2.3, and corresponds to Ag339 =

7300 M-! cm! and b = 0.653. This Ae value was used to scale the spectrum in (A).
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Figure 2.12. Procedure for preparing Ru(phen),(CN)(His33)cyt c.
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Figure 2.13. Cation-exchange FPLC chromatogram of the products of the
Ru(phen),COs/cyt ¢ reaction. 16/10 Mono S column; buffer A (loading) i = 0.1 sodium
phosphate, pH 7.0; buffer B (limit) 0.25 M NaCl, ~25 mM sodium phosphate, pH 7.0.
The final value for the gradient line is 100% buffer B. The first band off the column is
unmodified cyt ¢, the second is comprised of cyt ¢ modified by one ruthenium complex,
and the third peak is made up of doubly modified cyt c. All cytochromes c are in the

oxidized form.
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Figure 2.14. Cation-exchange FPLC chromatograms of Ru(phen),(H>O)(His33)cyt ¢
(A) and unmodified cyt ¢ (B) after incubation with cyanide as described in Figure 2.12.
FPLC conditions are the same as in Figure 2.13. Samples were oxidized before
purification. The peak marked by an asterisk is Ru(phen)>(CN)(His33)cyt c. The one
marked with “#” is Ru(phen)(H2O)(His33)cyt c. The band in (B) bearing the symbol

“@” is pure unmodified cyt c.
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Figure 2.15. Map of cytochrome ¢ fragments expected from digestion with trypsin (A),
and reversed phase FPLC chromatograms of tryptic digests of unmodified (B) and
Ru(phen)>(CN)(His33)-modified (C) cyt ¢. PepRPC 5/5 HR column. Eluent A was 0.1%

TFA in water, and eluent B was 0.1% TFA in acetonitrile.
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Figure 2.16. Absorption spectra of Ru(phen)>(CN)(im)* (dashed), oxidized cytochrome
¢ (dotted), the sum of Ru(phen)>(CN)(im)* and oxidized cytochrome ¢ (long dashes), and
oxidized Ru(phen);(CN)(His33)cyt ¢ (solid line) ( u = 0.1 sodium phosphate, pH 7.0).
The Ru-cyt ¢ spectrum is plotted using a smaller thickness in order to allow observation

of the spectrum of the sum.
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Figure 2.17. UV CD spectra of cyt ¢ (A) and Ru(phen)(CN)(His33)cyt ¢ (B). Both

proteins are oxidized. Samples are 12 mM in protein, in 0.1 cm path length cuvettes (i =
0.1 sodium phosphate, pH 7.0). Mean residue ellipticity is plotted; multiplication by 104

yields molar ellipticity.
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Figure 2.18. Photoinduced reduction and reoxidation of the cyt ¢ heme. Top: Scheme
depicting processes which could occur upon excitation of Ru(phen),(CN)(His33)cyt ¢
(L-Ru---Fe; L represents a phenanthroline ligand). Bottom: Transient absorption kinetics
monitored at 377 nm after excitation of a 20 uM solution of Ru(phen),(CN)(His33)cyt ¢
(w = 0.1 sodium phosphate, pH 7.0). The smooth line is the best fit to a biexponential
function; one phase corresponds to *Ru2+—Fe3+ ET (kops = 3.7 x 100) and the other
corresponds to Fe2+ —Ru3+ ET (Ckgr= 1.0 x 107 s-1). The observed reoxidation of
ferroheme is limited by the rate of excited-state decay (kps); see text for further

explanation. Residuals and fitting parameters are shown above the trace.
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Figure 2.19. Transient absorption kinetics of excited-state decay in the same solution as

described in Figure 2.18. Agps = 339 nm. The smooth line is the best fit to a single

exponential function. Fit parameters and residuals are shown above the trace.
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Figure 2.20. Oxidative flash-quench scheme for measuring Fe2*—Ru3+ ET in Ru-cyt ¢

(L-Ru---Fe; L represents a diimine ligand). Q7 is Ru(NH3)g3+.
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Figure 2.21. Transient absorption kinetics monitored at 378 nm following excitation of a
solution of reduced Ru(phen),(CN)(His33)cyt ¢ (20 uM) in the presence of either 1 or 12
mM Ru(NH3)g3*. Best fits to a biexponential function are shown (smooth lines), along
with the residuals. See the text for a detailed description of the measured rates and the

meaning ascribed to them.
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Figure 2.22. Reductive flash-quench scheme for measuring Rut—Fe3+ ET in Ru-cyt ¢

(L-Ru---Fe; L represents a diimine ligand). Q2 is MeODMA.
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Figure 2.23. Transient absorption kinetics monitored at (A) 420 nm and (B) 339 nm
following excitation of a solution of oxidized Ru(phen),(CN)(His33)cyt ¢ (18 uM) in the
presence of 9 mM MeODMA. Best fits to a biexponential function are shown (smooth
lines), along with the residuals. The fast phase corresponds to loss of *Ru2+ (k,ps = 9.4 x

106 s-1. The slower component corresponds to Rut—Fe3+ ET (Rkgr=4.5 x 105 s°1).
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Figure 2.24. Transient absorption spectrum after the slow phase in the reaction described
in Figure 2.23 (dots), and the sum of the absorption spectra of (Fe2+ — Fe3+)cyt ¢ and

MeODMA °* (line).
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Figure 2.25. Direct photoreduction of ferricytochrome ¢ by *Ru(phen);(CN)(His33).
Top: Reductive flash-scavenge scheme. S is NADH. Bottom: Transient absorption
kinetics monitored at 550 nm after excitation of a solution of oxidized
Ru(phen)>(CN)(His33)cyt ¢ (18 uM) in the presence of 1 mM NADH (i = 0.1 sodium

phosphate, pH 7.0).
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Figure 2.26. Transient absorption kinetics monitored at 550 nm (A) and 605 nm (B)
after excitation of a solution of Ru(phen)2(CN)(His33)cyt ¢ (20 uM), NADH (2 mM),
and bovine CcO (20 uM) in 0.1 M HEPES, pH 7.4, 0.1% Brij (detergent). The smooth
lines are best fits to a biexponential function. Fit parameters and residuals are shown

above each trace.
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Chapter 3

Rates of Heme Oxidation and Reduction in Ru(His33)cytochrome c
at Very High Driving Forces
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INTRODUCTION

According to semiclassical theory, electron-transfer (ET) rates should exhibit a
Gaussian dependence on the reaction driving force (—AG °); at the optimum driving force,
—AG°= A (Ais the nuclear reorganization energy), the rate is fixed by the donor-acceptor

electronic coupling (Hp):!

| 4n’ 2 —(AG®+ 1)
ko= |—————(H _ 1
ET thbT( AB) eXPIi A2, T (3.1}

In the region of driving forces greater than A (the inverted region), ET rates are predicted
to decrease with increasing driving force (the inverted effect). Experimental verification
of the inverted effect has come from extensive investigations of ET reactions involving

10-16

both organic?* and inorganic molecules.

17.18 e would like to establish

Owing to our interest in biological ET processes,
experimentally the magnitudes of inverted effects in proteins and other biomolecules.
Some work in this area has been done,!”-2% but no single study has involved a driving-
force range sufficiently wide to probe behavior far in the inverted region. In the previous
chapter photochemical schemes were described which allow the measurement of various
oxidation and reduction reactions in cytochrome ¢ modified at His33 with a
Ru(phen),(CN)- moiety. In this chapter analogous ET processes are measured in
additional, closely related Ru(His33)cytochromes c using these techniques. Reaction
driving forces, determined using electrochemical methods, range from 0.54 to 1.89 eV.
Inverted behavior is observed, but it is limited; at the highest driving forces, the ET
reactions are much faster than predicted. Agreement with theory is vastly improved by

assuming that these reactions involve the formation of an electronically excited

ferroheme.
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MATERIALS AND METHODS

Many materials and methods relevant to this chapter are described in the

corresponding section of Chapter 2. Those introduced in this chapter are detailed below.

General

All RuL,Cly, RuL»(im),Clp, and RuL,CO3 complexes were prepared by
literature procedures for the analogous Ru(bpy)>Clp,?” Ru(bpy),(im)>Cl,,28 and
Ru(bpy)2C03%° compounds, with minor modifications. Transient absorption experiments
were performed as described in Chapter 2, except that excitation of Ru(4,4’-
(CONH(C,Hjs)),-bpy), (im)(His)?* was sometimes accomplished using a YAG laser
(532 nm, 20 ns, 2 mJ/pulse).

4,4°,5,5’-tetramethyl-2,2’-bipyridine (4,4°,5,5’-(CHz3)4-bpy)3°

2,3-dimethylpyridine (30 mL) was refluxed with a Pd/C catalyst (10% Pd,
Aldrich) for 8 days. A solid material was obtained upon cooling. Toluene/chloroform
(~1:1) was added to dissolve the solid, and the solution was filtered hot. Rotary
evaporation of the filtrate yielded a white precipitate that was isolated by filtration and
washed with a small amount of toluene/chloroform. Yield: 6 g. !H NMR spectrum (in
DCI, pH 1, uncorrected): singlets at 8.25 (1), 7.75 (1), 2.34 (3), and 2.25 (3). The

product was recrystallized from ethyl acetate.

4,4’-di(N-ethyl-carbamoyl)-2,2’-bipyridine (4,4’-(CONH(C2Hs))2-bpy)

4,4’ -dicarboxy-2,2’-bipyridine3! (3 g, 12 mmol) was refluxed in 30 mL of thionyl
chloride for 3-4 hours, producing a yellow solution. Excess thionyl chloride was
removed under vacuum, and the resulting residue was dried at 50 °C under vacuum. Dry
benzene (80 mL) was added, and treatment of the suspension with excess freshly distilled

ethylamine (3 mL, 45 mmol) yielded instant precipitation of the white product. The
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mixture was refluxed for another hour. Chloroform (100 mL) was added to dissolve
impurities, and the reaction mixture was filtered. The white solid was washed with ether
and dried in air. Yield: 2.1 g. 'H NMR spectrum (in 0.25 M DCI): d at 8.98 (2), s at
8.77 (2),d at 8.15 (2) q at 3.47 (4), and t at 1.24 ppm (6).

RulL>(im)(His33)cytochrome ¢

Ru(bpy)2(im)(His33)cyt ¢ was prepared according to a published procedure3?
with minor modifications. A solution of ferricytochrome ¢ (0.5 mM, 15 mL; p =0.1
phosphate buffer, pH 7.0) was stirred under Ar with Ru(bpy),CO3 (36 mg, ~5 mM) for
18-24 hours at room temperature in the dark. Excess Ru(bpy)2(H20), was separated by
gel filtration (G-25 Sephadex, 30 cm x 2.5 cm i.d.). Solid imidazole was added to the
protein fraction (to make ~1 M), and the solution sat in the dark for 1-3 days (pH
unadjusted). After gel filtration to remove excess imidazole, the protein band was
concentrated by ultrafiltration (Amicon), and loaded onto a Mono S column for
purification by FPLC (Pharmacia). The band eluting at ~60% Buffer B was
concentrated, desalted by gel filtration, and purified one to two more times by FPLC; the
absorption spectrum indicated the presence of a single Ru(bpy)(im)(His) moiety per cyt
¢ (e.g., Absp92/Abs419 = 0.67; 292 nm corresponds primarily to a bpy(n to *) transition,
and 410 nm is the Soret peak maximum of oxidized cyt ¢). The site of modification was
determined by tryptic digestion of the modified protein, followed by purification and
amino-acid sequencing of the Ru-containing peptide, as described in Chapter 2.

The other RuL,(im)(His33)cyt ¢ molecules were prepared as above, with the
following modifications: In the preparation of Ru(4,4’5,5’-(CH3)4-
bpy)2(im)(His33)cyt ¢, Ru(4,4°5,5’-(CH3)4-bpy)2Cly, dissolved in 100-200 uL. methanol,
was used instead of the carbonato complex. The modification reaction involving
Ru(4,4’-CONH(C;Hj5))>-bpy)2CO3 used 2-3 times greater concentrations of both

reagents and required 2-4 days at 30-35 °C; the subsequent imidazole reaction was
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conducted at 30-35 °C and pH 8.5. In the preparation of Ru(phen),(im)(His33)cyt c, the
modification reaction took ~2 days, and as noted in Chapter 2 for
Ru(phen)2(H20)(His)cyt ¢, protein solutions were passed through a screening column
(SP Sepharose, 3 cm x 2.5 cm i.d.; eluent: 0.25 M NaCl, pH 7.0) to remove highly
binding side products prior to loading on the FPLC column (the solution off the screening
column was desalted by repetitive concentration/dilution cycles in an Amicon

ultrafiltration cell).

vis/NIR Absorption Spectroscopy

The absorption spectrum of a solution of ferrocytochrome ¢ (2.0 mL,1.9 mM) in
deuterated sodium phosphate buffer (i =0.1, pD = 7.0 [observed pH = 6.56]) was
measured from 570 to 1070 nm using a Cary 14 spectrophotometer modernized by On-
Line Instruments Systems, Inc. (OLIS). Measurements were made under an atmosphere
of Ar using a vacuum cell fitted with a 1 cm quartz cuvette sidearm; a slight excess of
sodium dithionite was used to ensure that the protein was completely reduced during the

course of the measurement.

Electrochemistry

All electrochemical measurements were made using a BAS (Model 100 or Model
CV-50W) electrochemical analyzer. Cyclic Voltammetry (CV) was performed at
ambient temperature with a normal three-electrode configuration consisting of a highly
polished glassy carbon or platinum working electrode, a platinum auxiliary electrode, and
either an SCE or AgCl/Ag reference. The working electrode was separated from the
reference compartment by a modified Luggin capillary. Aqueous solutions contained
sodium phosphate buffer (i = 0.1, pH = 7.0); acetonitrile solutions contained 0.1 M

tetrabutylammonium hexafluorophosphate as the supporting electrolyte. All potentials
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are reported vs. NHE, using the relationships E°(NHE) = E°(SCE) + 0.241 V and
E°(NHE) = E°(AgCl/Ag) + 0.197 V.

Ru3+/2+ potentials of model complexes were measured in water. The Ru3+/2+
potentials of Ru(4,4°,5,5’-(CH3)4-bpy)2(im)(His33)cyt ¢ (I) and Ru(4,4’-
(CONH(C2Hs))2-bpy)2(im)(His33)cyt ¢ (V) were measured as previously described.>>
Ru2+/+ potentials®** were recorded vs. AgCl/Ag at an edge-plane graphite electrode in
acetonitrile and corrected for the junction potential using ferrocenium/ferrocene as an
internal standard. In our cell, cyclic voltammetry of a 0.05 mM ferrocenium nitrate
solution in 1.00 M KCl gave E°(Fc*/Fc) = 0.139 V vs. SCE. Junction potentials in

acetonitrile were found to be ~150-300 mV.

RESULTS AND DISCUSSION

Model Compounds

As discussed in Chapter 2, model compounds are useful in determining the
approximate properties of protein-bound metal species, since some measurements may be
more difficult, if not impossible, to perform on complexes bound to protein. For
example, Ru2+/+ redox potentials of labels cannot be measured directly since they can
only be determined in non-aqueous solvent (see below). Model compounds for all of the
Ru(His)cyt ¢ labels in this study have been synthesized, and characterization data
(absorption spectra, emission spectra, NMR spectra) for some of the compounds are

presented in Appendix A.

Photodissociation of Imidazole in Ru(phen);(im);2+
Due to observation of light-induced changes in the transient absorption kinetics of
ET reactions involving Ru(phen),(im)(His33)cyt ¢ (see below), photodecomposition of

Ru(phen);(im);2+ was monitored by !H NMR. The !H NMR spectrum of
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Ru(phen),(im),Cl, in DO exhibits eight signals corresponding to phenanthroline protons
and three singlets corresponding to coordinated imidazole, consistent with the presence of
a Cy axis of symmetry which makes the two coordinated phenanthroline ligands and
imidazole ligands chemically equivalent (Figure 3.1A). A second 1H NMR of the same
sample, taken after ~36 hours of exposure to room light, exhibits new peaks
corresponding to a ruthenium complex with 16 distinct phenanthroline protons, as well as
peaks corresponding to free imidazole (Figure 3.1B). These observations are consistent
with the photoinitiated loss of one imidazole ligand from the complex, as has been

observed in other Ru(bpy)»(X)(Y) compounds such as Ru(bpy)»(py)22+.3?

Electrochemistry

Ru3+/2+ couples for most of the model compounds displayed reversible oxidations
in aqueous solution (Figure 3.2A; E°[Ru3+/2+(4,4’-(CH3),-bpy)2(im);] = 0.86 V vs.
NHE). The exception was Ru(4,4’-CONH(C,H5)),-bpy)2(im),2+, which exhibited a
chemically irreversible oxidation under normal scanning conditions, likely due to its
substantially up-shifted potential (Figure 3.2B). Using a microelectrode (d = 30 um) and
a very fast scan rate (50,000 V/s), a reversible oxidation of this compound was obtained
(E°[Ru3+/2+(4,4’-CONH(C,H3s))2-bpy)2(im)2] = 1.26 V vs. NHE). The small electrode
was required to keep the cell resistance sufficiently low, and the fast scan rates were
necessary to outcompete the degradation reaction.

Several attempts were made to obtain Ru2+/+ potentials in water. Mercury drop
and gold working electrodes have very large overpotentials for reduction of hydronium
ion to hydrogen in water, allowing very negative potentials to be accessed. However, in
experiments involving either electrode, large catalytic currents were observed at potential
values significantly higher than the solvent threshold, suggesting that the reduced
ruthenium complex acts as a catalyst for hydronium ion reduction. The pH dependence

of the process supports this conclusion, as the catalytic potential was inversely related to
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the concentration of hydronium ion. Direct measurement of the RuZ*/+ potentials in
aqueous solution was therefore impossible. Reversible reductions, however, were
observed in acetonitrile solution (Figure 3.3; E°[RuZ+/+(phen),(CN)(im)] = —1.63 V vs.
NHE), and in solutions of acetonitrile doped with small amounts of water (up to ~35
mol%). However, a complex dependence of the potential was seen as a function of the
mole fraction of water present even after correction for the junction potential, and it was
not possible to extrapolate to 100% water with a sufficient degree of confidence. Thus
the values obtained in non-doped acetonitrile were used for the determination of the

driving forces for Rut—Fe3+ ET reactions (Tables 3.1 and 3.2).

Comments About Redox Potentials and Driving Forces

Several assumptions and approximations have gone into the determination of the
driving forces for the reactions described in this chapter. The actual driving force for an
intramolecular ET reaction between a covalently bound label and the heme in cyt c is
determined by the redox potentials of the label bound to the protein and the heme group
of cyt ¢ with the label bound to the protein. When these are not the actual measurements
made, some error is introduced. We have used the standard value for the redox potential
of eyt ¢ (+0.260 V)3® for all of the modified proteins described here. Prior work in this
group>>37 has demonstrated that heme potentials typically vary by no more than 20 mV
upon addition of a Ru(bpy)2(im)- label to various surface histidine residues, so relatively
little error is introduced by this assumption. Measurements of the Ru3+/2+ potentials for
the complexes bound to the protein have been made for only two of the six cases (II and
V); the model compound [RuL2(X)(im)"*] values have been determined for the other
four (Table 3.1). Ru3+/2+ potentials for II and V are 100 and 70 mV more positive than
the values obtained for the respective model complexes, indicating that significant error
could be introduced by using the model compound values. It is likely that the observed

70-100 mV shift to more positive potential is systematic, arising from a positive
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electrostatic potential at the surface of the protein near His33 (oxidized cyt ¢ has a net
charge of +11 at pH 7). Thus we have included for comparison an “adjusted” set of
driving forces for the Fe2+—Ru3+ ET reactions, in which +85 mV (the average of +70
and +100 mV) has been added to the Ru3+/2+ redox potentials measured for model
complexes (Table 3.2).

Ru2+/* potentials could only be obtained for model complexes in acetonitrile
solution (see above). Thus, two sources of error are associated with these values: the use
of the potential of a model compound as opposed to the actual ruthenium complex bound
to the protein, and the use of a potential obtained in a solvent other than water. The
former error should be similar to that seen for the corresponding Ru3+/2+ potentials
(E°(complex at His33) — E°(model) d 100 mV). Concerning the latter error, others have
used correction terms of 30-70 mV to estimate aqueous values for M(bpy)32+/+ (M = Ru,
Os) from potentials obtained in other solvents (N, N-dimethlyformamide and
acetonitrile),?® and a similar error is expected for the ruthenium complexes used in this
study (we have chosen not to attempt such a correction). Though the actual total
systematic errors (degree of inaccuracy) associated with Ru2+/+ potentials may not be
insignificant (d 200 mV), these values are far too small to provide an explanation for the

anomalous rate/energy behavior observed in this study (see Figure 3.12).

Electron-Transfer Kinetics

We have examined three different ET processes in closely related
RuL2(X)(His33)cyt ¢ molecules (Table 2). Methods for measuring these ET reactions
have been described in detail in Chapter 2, and thus only brief descriptions will be
presented here. Fe2+—Ru3* ET (Okgy) was measured using an oxidative flash-quench
method (Figure 3.4: 6—4—3—1; Q; = Ru(NH3)¢3+).3° In a first phase, a fraction of the
ruthenium excited states produced by laser excitation of reduced Ru-cyt ¢ (Ru2+-Fe2+)

are quenched oxidatively by Ru(NH3)g3* to form Ru3+-Fe2+, which then undergoes
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intramolecular electron transfer (Pkg7) in a second kinetic phase to form Ru2+-Fe3+.
Representative data, monitored at either 550 or 420 nm, are shown in Figure 3.5

(A: Okpr(I)=1.6x 100 s1; B: Okpp (VI)=1.2 x 100 s-1). In the case of
Ru(phen)z(im)(His33)cyt ¢, an additional kinetic phase was typically observed after
excited-state decay (Figure 3.6: kfast = 3.5 x 100 s°1; kgiow = 4.5 x 105 5715 Aops =

395 nm). The amplitude of the fast phase steadily decreased relative to that for the slow
phase during the course of the experiment (as the sample was subjected to more laser
shots); after a sufficient number of laser shots, only a single phase, having a rate constant
equal to that of the slow phase, was observed (Figure 3.7A; kops =4.5 X 105 s-1). These
kinetics are identical to those observed for a sample of independently prepared
Ru(phen),(H0)(His33)cyt ¢ (VII) (Figure 3.7B: Okgy (VII) = 4.3 x 105 s71; Agps =
399 nm), indicating that the slow phase observed in the Ru(phen),(im)(His33)cyt ¢
experiment is due to Ru(phen)>(H2O)(His33)cyt ¢ generated via photodissociation of
imidazole during the experiment (see Figure 3.1). The faster phase in the
Ru(phen);(im)(His33)cyt ¢ experiment corresponds to Fe2*—Ru3+ ET in the
unphotolyzed Ru(phen),(im)(His) protein (Pkg7(III) = 3.5 x 106 s-1).

*Ru2+—Fe3+ rate constants (*kg7) were extracted by determining the yield of
Ru3+-Fe2+ formed after excitation of Ru?+-Fe3+ without quencher (Figure 3.4:
1-2—3—1). Kinetics for Ru(bpy)2(im)(His33)cyt ¢ are biphasic at 420 nm. The first
phase represents the decay of the excited state and simultaneous formation of Ru3+-Fe2+
(the excited state absorbs a bit at 420 nm); the second phase corresponds to reoxidation of
the heme by Ru3+, the same process measured in the oxidative flash-quench experiment
(Figure 3.4: 3—1). The amplitude of the second phase corresponds to production of
0.16 uM of Ru3+-Fe2+ (Figure 3.8A). The ruthenium excited-state absorption dominates

at 370 nm, and the amplitude of this excited-state decay phase corresponds to production
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of 14 uM of *Ru?* (Figure 8B, kops = 1.6 x 107 s-1). The quantum yield (®) of reduction
is thus ~0.011, and *kg7 ( = @k,p) is 1.8 x 105 s71.

Rut—Fe3+ ET (Rkgr) was measured using a reductive flash-quench procedure
[Figure 3.4: 1-52—5-6;% Q, = p-methoxy-N,N- dimethylaniline (MeODMA)]. In this
scheme, excitation leads to bimolecular reductive quenching of the ruthenium excited
state to produce the highly reducing Ru* species; intramolecular ET to the ferriheme
follows in a second kinetic phase. Kinetics for Ru(4,4’-CONH(C,Hjs))»-
bpy)2(im)(His33)cyt ¢, monitored at 395 and 550 nm, are shown in Figure 3.9 (Rkgp(VI)
=2.3x 109).

A fourth ET process, Fe2+—*Ru?* (*kgr’), was observed in one of the
complexes, Ru(4,4’-CONH(C2Hs))2-bpy)2(im)(His33)cyt ¢, after excitation of the
reduced protein with no quencher present (Figure 3.4: 6—4—5—6). The rate constant
for this process was not determined. Nonetheless, achievement of direct photooxidation
of the heme by tuning the Ru3+/2+ redox potential to sufficiently high values is notable,
and the recombination ET in this scheme provides an independent means of measuring
Rkgr(VI). Kinetics monitored at 395 and 550 nm are shown in Figure 3.10. The rates are
identical to those observed in the reductive flash-quench scheme (compare Figures 3.9
and 3.10).

Analysis of the driving-force dependence of the Fe2+—Ru3+ reaction using the
“as-measured” redox potentials for the model complexes corresponding to L, III, and VI
gives A =0.74(4) eV and Hap = 0.096(5) cm™ (Figure 3.11A). Using adjusted redox
potentials assuming E°[RuLX(His33)] = E°[RuL,X(im)] + 85 mV (see above) yields A =
0.83(4) eV and Hap = 0.100(5) cml (Figure 3.11B). The differences provide a rough
measure of the errors introduced by the use of model compound values: the coupling is
not significantly affected, but the difference between the reorganization energy obtained

using model compounds and the actual value could be statistically significant (but



94

reasonably small). The Ru(phen)2(CN)(His33)cyt ¢ Fe2+—Ru3* rate constant, while
consistent with the analysis, is statistically an outlier, and was not included in the fits of
the RuL2(im)(His)cyt ¢ data. Cyanide binding to ruthenium evidently perturbs the Ru-
heme electronic coupling relative to Ru-im ligation. Indeed, calculations indicate that the
Fe2+—Ru3* rate constant is sensitive to the Ru orbital that provides the coupling to the
bridge,*! and experimental work shows that varying X in RuL2(X)(His) could slightly
alter the Ru-His coupling.*?

One of the *Ru2t—Fe3+ rates [ *kg7(V)] is well described by the Fe2+—Ru3+
analysis; however, the other ¥*Ru2t—Fe3+ rate [ *kg(IV)], as well as the Rut—Fe3+ rates
[Rkgp(IV) and Rkgp(VI)], are higher than expected for the driving forces involved (Figure
3.12). In particular, Rkg7(IV) is more than five orders of magnitude larger than predicted.
We can rule out variations in outer-sphere reorganization energies (40) as an explanation
for this anomalous rate/energy behavior: according to dielectric continuum models,*3%4
Ao depends on donor-acceptor properties, such as size and separation distance, that do not
vary significantly for the different types of ET reactions in Ru(His33)cyt ¢ molecules.

Electronic-coupling variations cannot explain the rate/energy behavior either.

The donor electron in the ¥Ru2+—Fe3+ and Rut—Fe3+ reactions is localized in a diimine
7* orbital. The first step in the ET pathway involves coupling to the Ru or directly to the
protein. In either case, the coupling should be slightly weaker than that for Fe2+—Ru3+
ET: the former case involves an additional covalent bond relative to the Fe2*—Ru3+
pathway, and the latter involves a through-space jump (van der Waals interaction) having
no counterpart in the Fe2+—Ru3+ pathway.

Deviations from inverted behavior involving anomalously fast inverted rates often
are attributable to quantum effects: specifically, the inverted effect can be attenuated at
high driving forces by nuclear tunneling along one or more coordinates of high-frequency

vibrational modes.*> Tunneling efficiency depends on the magnitude of the distortion
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along the high-frequency vibrational coordinates (4;). The A, associated with

Rut/2+(diimine) reactions should be similar to that for Ru(bpy)32+ MLCT

[Ru(dn)—bpy(t*)] excitation (0.17 eV).*® However, in order to accommodate Rkgr(IV)
in the fit, we must postulate a value of A;~ 1 eV; this is unreasonably large, and thus we
do not favor this as an explanation for our observations.

It has been suggested that Rut—Fe3* reactions are so exergonic that formation of
an electronically excited species (at lower driving force) is faster than the (highly
inverted) reaction directly to ground-state Ruz+-Fe2+.47 Although the lowest Ru2+
excited states are out of reach (> 2.0 eV),33 those for ferrocytochrome ¢ are not: based on
the NIR absorption spectrum, the origin of the IMLCT [Fe(dr)—P(n*), P = porphyrin]
excited state is at roughly 1.3 eV (Figure 3.13).484 The 3MLCT state is estimated at
~1.05 eV assuming a singlet-triplet gap of ~0.25 eV, the value observed in Fe(bpy)32+.50
Indeed, the rates predicted for the Rut-Fe3+ — Ru2+-*Fe2+(3MLCT) reactions of
complexes VI and IV (Figure 3.4: 5—7) are close to those observed for Rut—Fe3+ ET
(Figure 4.14). The fact that the energy-adjusted Rkg7(IV) point falls slightly below the
value predicted from the Fe?*—Ru* analysis may reflect the slightly weaker electronic
coupling expected for Ru*—Fe3* reactions as noted above. Similar analysis indicates
that the ¥Ru2+-Fe3+ — Ru3+-*Fe2+(3MLCT) reaction of complex IV (Figure 3.4: 2—8)
is faster than inverted ET directly to a ground-state ferroheme.’! Subsequent ferriheme
excited-state deactivation (Figure 3.4: 8—3 and 7—6) should be very fast (>1011 s-1)72,53
and thus will not be observed in our experiments.

The phenomenon of rate/energy leveling is common for photoinduced charge

4 55

separation;5 most examples of inverted behavior involve recombination reactions.

Invoking the formation of excited-state products is one explanation of rate
leveling:%15-16:54:56.57 photoinduced charge separation generally produces open-shell

species (radicals) possessing low-lying excited states, whereas recombination reactions
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yield closed-shell products.!>16 A key role played by electronic structure in ET kinetics
is underscored by our finding that a relatively low-lying excited state of a closed-shell
product can open a noninverted decay channel deep in the inverted region—the region in
which thermal (energy wasting) recombinations of photogenerated charge-separated

states are usually inhibited.
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Table 3.1. Measured Ru3+/2+ and Ru2+/+ potentials of Rul»(X)(im) and

RuL2(X)(His33)cytochrome ¢ complexes.

complex E°(Ru3+/2+)a (V) E°(Ru2++)b (V)
Ru(4,4’,5,5’-(CH3),4-bpy), (im),** 0.80 i
Ru(4.4’-(CH3),-bpy), (im),?* 0.86
Ru(4,4’-(CH3),-bpy), (im)(His33)2* (II) 0.96¢ N/A
Ru(phen),(im),2* 0.98 -1.48
Ru(phen),(CN)(im)™* 1.02 -1.63
Ru(bpy), (im),** 1.00 -1.48
Ru(bpy), (im)(His33)>* (V) 1.07¢ N/A
Ru(4,4’-(CONH(C,Hs)),-bpy), (im),** 1.26 -1.18

@ In aqueous buffer (pH 7, phosphate).
b In acetonitrile, as described in text.

¢ Casimiro, D. R. Ph.D. Thesis, California Institute of Technology, 1994.
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Table 3.2. Rate constants and driving forces for intramolecular ET in

RuL2(X)(His33)cytochromes c.

complex reaction ker (s —AG° (eV)?
Ru(4.4’,5,5’-(CH3),-bpy), (im)(His)>* (I) FeZ*—Ru3* 1.6(2)x 105 0.54 [0.625]°
Ru(4,4’-(CH3),-bpy), (im)(His)?* (1) Fe?*>Ru™  2,02)x 105  0.70
Ru(phen),(im)(His)2* (IIT) Fe2*—Ru3* 3.5(4)x 105 0.72 [0.805]0
Ru(phen),(CN)(His)* (IV) Fe?*—>Ru3* 1.0(1)x 107 0.76 [0.8451
Ru(bpy), (im)(His)** (V) Fe2*—Ru3* 2.6(3)x 105  0.81
Ru(4,4’-(CONH(C,Hs)),-bpy),(im)(His)2* (VI) ~ Fe*—Ru3*  1.1(1)x 10  1.00 [1.085]
Ru(bpy), (im)(His)?* (V) *RuZ*—Fe3*  1.8(10)x 105 1.3
Ru(phen),(CN)(His)* (IV) *Ru2*—Fe3* 3.1(10)x 10°  1.4[0.35]¢
Ru(4,4’-(CONH(C,Hs)),-bpy),(im)(His)?* (VI) ~ Ru*—Fe3* 23(2)x 105  1.44[0.39]¢
Ru(phen),(CN)(His)* (IV) Ru*—Fe3* 45(5)x 105  1.89 [0.84]

@ Redox potentials of model compounds were used in all cases except for Ru3*/2*[IL, V] (values are listed

in Table I); E°[cyt c(Fe3*2%)] = 0.26 V vs. NHE; Egy(*Ru?H)[V] = 2.1 eV; Ego[*Ru2*(phen),(CN)(im)] =

2.2 eV; Egy[*Ru2*(4,4’-(CONH(C3Hs))2-bpy)o(im)z] = 2.0 V.

b Assuming Ru3+2+ potentials for His33-bound labels are 85 mV more positive than the corresponding

model complex values (see text).

¢ Assuming formation of the ferroheme 3MLCT excited state.
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Figure 3.1. 1H NMR spectra of Ru(phen),(im);2+ in water, acquired immediately after
preparation of the sample (A) and after 36 hours of exposure to room light (B). Inset:
(left) chemical structure of phenanthroline with its eight protons numbered; (right) a
depiction of Ru(phen),(im);2+ showing the C; axis of symmetry (dotted arrow) which
makes apparent the equivalence of the two phenanthroline ligands. Peaks due to
coordinated imidazole are highlighted in (A). Appearance of peaks corresponding to
uncoordinated imidazole, as well as eight additional phenanthroline peaks in (B),
indicates that an imidazole is dissociating to form Ru(phen),(im)(H,0)2+. No change

was observed in a control NMR tube which was kept in the dark (not shown).
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Figure 3.2. Oxidation of Ru(4,4’-(CH3),-bpy)2(im)22+ (A) and Ru(4,4’-
(CONH(C,H5))2-bpy)a(im);,2+ (B) by cyclic voltammetry. Potentials were measured vs.
AgCl/Ag at a platinum working electrode in i = 0.1 sodium phosphate, pH 7.0.
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Figure 3.3. Reduction of Ru(phen);(CN)(im)* by cyclic voltammetry. The potential
was measured vs. AgCl/Ag at an edge-plane graphite electrode in acetonitrile, and was
corrected for the junction potential using ferrocenium/ferrocene as an internal standard

(see text). 0.1 M tetrabutylammonium hexafluorophosphate was used as the supporting

electrolyte.
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Figure 3.4. Reaction sequences following excitation of Ru?* on oxidized (I) or reduced
(6) cytochrome c¢. Ru represents the various complexes in Table 2, and Fe represents the

heme group of cytochrome c. Qj is Ru(NH3)g3+; Q; is MeODMA.
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Figure 3.5. Transient absorption kinetics following excitation of solutions of reduced
Ru(4,4°,5,5’-(CH3)4-bpy)2(im)(His33)cyt ¢ (A) and Ru(4,4’-(CONH(C,Hs))2-
bpy)2(im)(His33)cyt ¢ (B) in the presence of Ru(NH3)¢3* (Q1). In (A), [Ru-cyt c] =10
UM, [Q1] = 6 mM, Aex = 480 nm, and Agps = 550 nm. In (B), [Ru-cyt c] =20 uM, [Q1] =
20 mM, Aex = 532 nm, and Aghs = 420 nm. Smooth lines are best fits to a single
exponential function (the excited state decay/quenching phase was not fit). Parameters

and residuals are shown above each trace.
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Figure 3.6. Transient absorption kinetics of a solution of reduced
Ru(phen),(im)(His33)cyt ¢ (13 uM) and Ru(NH3)¢3* (4 mM) monitored at 395 nm. The
sample had been exposed to ~5000 laser shots before acquisition of this trace. Fits to a
biexponential function (the excited state decay/quenching phase was not fit) is designated

by the smooth line. The residual and fit parameters are shown above the trace.
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Figure 3.7. Oxidative flash-quench transient absorption kinetics of photolyzed
Ru(phen),(im)(His33)cyt ¢ (A) and pure Ru(phen)>(HO)(His33)cyt ¢ (B). (A) Kinetics
after excitation of a solution of 20 uM reduced Ru(phen),(im)(His33)cyt ¢ and 4 mM
Ru(NH3)g3+ which had been exposed to ~22000 laser shots prior to data acquisition.
Aobs = 395 nm. (B) Kinetics following excitation of a solution of reduced
Ru(phen)(Hp0)(His33)cyt ¢ (15 uM) and Ru(NH3)g3* (4 mM) Aobs = 399 nm. The
smooth lines represent best fits to a single exponential function (the excited-state
decay/quenching phase was not fit) (Ckgr (A) = 4.5 x 105 s71; Okgg(B) = 4.3 x 105 s°1).

Residuals are shown above the trace.
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Figure 3.8. Kinetics following excitation of a solution of oxidized
Ru(bpy)2(im)(His33)cyt ¢ (20 uM, without quencher, monitored at 420 nm (A) and 370
nm (B). Parameters corresponding to AAbs amplitudes were obtained from fits using
fixed rate constants determined previously from emission decay profiles and flash-quench
kinetics (values above trace marked with “#”). Residuals (above traces) indicate use of
these rate constants yield adequate fits to the data. Values of Agqpq (Fe?* — Fe3+)cyt ¢ =
44300 M-! cm-! (from Margoliash and Frohwirt) and Ae37g (¥Ru?* — Ru3+) = 8050 M-!
cm! (from a power dependence study performed by Dr. I-Jy Chang) were used to

calculate the concentration of Fe2+ and *Ru2+ produced per laser flash.
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Figure 3.9. Reductive flash-quench traces produced after excitation of a solution of
oxidized Ru(4,4’-(CONH(C2Hj5))2-bpy)2(im)(His33)cyt ¢ (10 uM) and MeODMA

(4 mM) monitored at 395 nm (A) and 550 nm (B). Single exponential fits to the second
kinetic phase are shown by the smooth lines. The rate constants are identical at both
wavelengths (see parameters for the fits above each plot). Residuals are shown above

each trace.
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Figure 3.10. Kinetics following excitation of reduced Ru(4,4’-(CONH(C,Hjs))2-
bpy)2(im)(His33)cyt ¢ (10 uM), with no quencher present, monitored at 550 nm (A) and
395 nm (B). Single exponential fits (smooth lines) yield rate constants identical to one
another, and to those seen in Figure 3.9 (see parameters above plots). Residuals are

shown above each trace.
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Figure 3.11. Driving-force (-AG °) dependence of Fe2+—Ru3+ rate constants in
Rul,(im)(His33)cyt c. The lines represent best fits to Equation 3.1. (A) Driving forces
determined from the measured Ru3+/2+ redox potentials for the model compounds
[RuLy(im)22+] corresponding to I, III, and VI. Hap = 0.096(5) cm1; 1= 0.74(4) eV.
(B) Driving forces determined using Ru3+/2+ redox potentials for the three model
compounds which are adjusted by assuming the values are 85 mV higher when the

moieties are bound to His33 in cyt ¢ (see text). Hag =0.100(5) cm!, 1=0.83(4) eV.
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Figure 3.12. Replot of the kg7/—AG ° curves in Figure 3.11 with the addition of
Ru*—Fe3+ (rectangles) and ¥Ru2+—Fe3+ (triangles) data. The open symbols represent

reactions having rate constants significantly higher than predicted by the theoretical curve

describing the Fe?*—Ru3+data. (A) and (B) are as described in Figure 3.11.
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Figure 3.13. vis/NIR spectrum of ferrocytochrome c in deuterated sodium phosphate
buffer (L= 0.1, pD = 7.0 [observed pH = 6.56]). The E% of the lowest energy MLCT
state is estimated to lie at 1.3 eV. The 3MLCT is too weak to be observed, but is
estimated at 1.05 eV (the singlet-triplet energy gap is ~0.25 eV in Fe(bpy)32*; Kober, E.
M.; Meyer, T. J. Inorg. Chem. 1982, 21, 3967-3977).



128

1MLCT (1.3 eV)

3MLCT (1.05 eV)

1 l 1 1 1 1 l 1 1 1 1 I 1 1 1

600

700 800 900

Wavelength (nm)

1000

1100




129

Figure 3.14. Replot of the kg7/—AG ° curves and rate data in Figure 3.12 assuming that

the highly exergonic reactions (gray symbols) involve formation of the ferroheme

3MLCT excited state (~1.05 eV).
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Chapter 4

Cytochrome ¢ Folding Triggered by Electron Transfer
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In the previous chapters photophysical techniques were used to study the nature of
intramolecular ET in cytochrome ¢. We now demonstrate an application of photoinduced

electron transfer to a fundamental problem in biochemistry: protein folding.

INTRODUCTION

Determining the process by which a polypeptide attains its physiologically
relevant conformation is an intriguing problem in biophysical and biochemical research.
An experimental approach to solving this problem involves measuring the folding
kinetics of proteins in order to elucidate the detailed mechanisms or pathways that are
employed and to characterize the interactions which cause these pathways to prevail.

A basic requirement for performing kinetic experiments is a means of triggering the event
to be studied. The most common means of triggering protein folding involves stopped-
flow mixing: solutions of unfolded protein in high concentrations of a chemical
denaturant (typically guanidine hydrochloride (GuHC]) or urea) are rapidly mixed with
buffer solutions in order to dilute the denaturant concentration to a level at which the
folded form is favored. Although this methodology is very useful, it can only be used to
observe folding processes which occur on timescales greater than ~1 ms, the minimum
time required for solutions to physically mix. Secondary structure fluctuations in short
polypeptides can occur on timescales as fast as nanoseconds;>> these motions may play a
role in dictating the early events in protein folding reactions.* It has also been suggested
that the so-called “burst phase” in protein folding, referring to the formation of secondary
structure and/or a hydrophobic core, occurs on a submillisecond timescale in many
proteins.® Indeed, experimental evidence for a burst phase (< 5ms) has been reported in
at least seven proteins or protein fragments: ubiquitin,® hen lysozyme,’ ferricytochrome

12,13

¢,%9 ribonuclease A, trp aporepressor,!! barstar,'>!3 and the IgG binding domain of

protein G. 14 If one includes measurements made by time-resolved circular dichroism,
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which has a dead time of about 10-20 ms, about nine others can be added to the list.1®
Clearly, new techniques must be developed in order to probe these submillisecond events
that occur in protein folding.

Several methods have recently been reported which break into this “ms” barrier.®
Photodissociation of CO from reduced cytochrome ¢ has been used to study folding
processes occurring in the 10 ns to 1 ms time range.!” Conventional temperature-jump
methodology has been used to study a 300 ps folding event in barstar.!? Laser-initiated
temperature jump experiments were used to measure 250 ns and 3.5 ps kinetic phases in
apomyoglobin.!® Lastly, a continuous-flow mixing apparatus which can achieve time
resolution down to 100 ws was used to study fast folding events in ferricytochrome c.’
These methods are promising, but more techniques are needed to fully characterize the
submillisecond kinetics of protein folding.

In this chapter, a new method of triggering protein folding using electron transfer
is described which has the potential for initiating folding in nanoseconds or faster. This
technique is used to investigate the relationship between folding rate and the free-energy
of folding in ferrocytochromes ¢ from horse (h-cyt c¢) and yeast (y-cyt ¢). These proteins
have similar folds, but distinct stabilities due to differences in amino-acid sequence. We
find that the rates of the major folding phase in the two proteins differ significantly at a
given denaturant concentration, but are comparable when the free energies of folding are
matched. This observation provides experimental support for theories suggesting folding

free energy is a critical determinant of protein folding rates.

MATERIALS AND METHODS

Some materials and methods pertinent to this chapter are presented in the
corresponding section of Chapter 2. Those introduced in this chapter are described

below. Note: in this chapter, horse cytochrome c (h-cyt c) refers to type VI horse heart
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cytochrome ¢ purchased from Sigma. In addition, the oxidation and conformational
states of cyt ¢ in this chapter are specified by characters placed directly after the “c” in
cyt c: superscripted Roman numerals (II or III) indicate the oxidation state of the iron,
and subscripted capital letters (U or F, corresponding to “unfolded” or “folded”) denote

the conformational state (e.g., cyt cllg denotes reduced folded cytochrome c).

General
Guanidine hydrochloride (GuHCI), ultrapure grade, was used as received from
United States Biochemical. K3[Co(C204)3] was synthesized by Torbjorn Pascher using a

published procedure.!®

Yeast iso-1-cytochrome ¢ (Cys102Ser)

The yeast cytochrome ¢ protein used in this study (y-cyt ¢) was a mutant of
Saccharomyces cerevisiae 1so-1-cytochrome ¢ containing serine at position 102 (h-cyt ¢
numbering system) in place of cysteine in order to prevent interprotein disulfide
formation.2’ Protein was isolated from 10 L cultures of a previously prepared GM-3C-2
cell line containing a plasmid with the mutant cyt ¢ sequence;?!-*? the purification
followed the procedure of Smith and coworkers,?? with the following exception: after
dialysis, the protein was loaded onto a cation exchange column (SP Sepharose, 4 cm x
2.5 cmi.d.), and eluted with a linear salt gradient (0 to 1 M NaCl, pH 7.0), rather than
subjected to a batch adsorption procedure. Final purification was achieved using cation-
exchange FPLC chromatography (Mono S; salt gradient, 0 to 1 M NaCl, pH 7.0); y-cyt ¢
eluted at ~0.3-0.33 M NaCl.

Preparation of GuHCI Solutions
Stock solutions (10 or 25 mL) of GuHCI in 50 mM sodium phosphate buffer were
prepared by mixing solid GuHCI with an appropriately scaled volume of concentrated

(>100 mM) phosphate buffer in a disposable 30 mL graduated cup, dissolving all the
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solid (adding nanopure water as necessary), transferring to a volumetric flask, and then
diluting with nanopure water to the mark. The pH was adjusted to 7.0-7.3 using a
concentrated (6-8 M) aqueous NaOH solution. Addition of phosphate before dilution was
performed in order to ensure that the final phosphate concentration was identical in all
GuHCI solutions, which was essential for accurately determining the concentration of
GuHCI using refractive index measurements (see below). Note: when preparing
solutions of >6 M GuHC], care must be taken not to add too much water in the
dissolution step; at these high concentrations, the volume of the solution increases as the
solid dissolves, and dissolution occurs slowly (the reaction is endothermic, so warming
the solution helps speed things up).

The pKj, of phosphate buffer is strongly dependent on ionic strength, and thus
mixing of solutions of phosphate buffer at pH 7.0 with solutions of GuHCI at pH 7.0 can
lead to significant lowering of the pH. A large pH shift occurs when a small volume of
GuHCl is added to a large volume of phosphate buffer, but the change is fairly minor
when a small volume of pH 7.0 phosphate is added to a large volume of pH-adjusted
GuHCl/phosphate. Thus, distinct, pH-adjusted solutions of each desired GuHCI
concentration were prepared rather than one “stock” solution of concentrated GuHCI.
Protein solutions in GuHCI were made by adding a small amount of concentrated protein
“stock” solution to 1-2 mL aliquots of the pre-prepared GuHCI solutions. This obviated
the need to adjust the pH of every protein solution prepared for equilibrium or kinetic
measurements. The pH of samples prepared in this fashion typically decreased by no

more than 0.3-0.4 units from the initial (unmixed) value.

Refractive Index Measurements
The concentration of GuHCl in all solutions used in equilibrium or kinetic

experiments was determined using the empirical relationship between the concentration
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of GuHCI and the refractive index of GuHCI solutions measured by Nozaki and

coworkers: 24

[GuHCI] = 57.147(AN) + 38.68(AN)2 — 91.60(AN)3 4.1)

where AN is the difference between the refractive index of each solution (Np) and the
refractive index of water (or buffer) (Np°) (the subscript D denotes the light source: D
line radiation from sodium). Np° of 50 mM sodium phosphate buffer was found to be
1.3342(5) (pure water is 1.3330). Refractive index measurements were made using a

Milton Roy Abbe-3L Refractometer.

Preparation of Solutions for Equilibrium Unfolding Curves

Oxidized Cytochrome c

25 pL aliquots of a stock solution of ~350 uM ferricytochrome ¢ and 0.800 mL
aliquots of GuHCI solutions were delivered to 1.5 mL vials using appropriately sized
gastight Hamilton syringes to create a series of solutions containing the same
concentration of cyt ¢ (~10 uM) and a varying concentration of GuHCI (0 M to ~6 or
~8 M). After a minimum of 10 minutes, the 0 M GuHCI solution was placed ina 1.0 x
0.4 cm quartz cuvette having four optically transparent windows, and the absorption and
fluorescence spectra were recorded (see below). The O M solution was removed from the
cuvette, and the next GuHCI solution was transferred to the cuvette for measurement.
The cuvette was not rinsed between samples. This procedure was continued until the
spectra of all of the samples had been obtained. Refractive index measurements were
made on each sample after the experiment to obtain accurate (£ 0.02 M) values of the

concentration of GuHCI.



138

Reduced Cytochrome ¢

A procedure similar to the one outlined above was followed except that excess
sodium dithionite (NapS>04) was present in solution during the measurements, and each
sample was prepared under argon just prior to being measured. Specifically, 0.67 g of
sodium dithionite was degassed in a Schlenk tube, and 0.5 mL of degassed water was
added via cannula under argon ([S20427] = 0.77 M). ~0.125 mL of ~350 uM
ferricytochrome ¢ was degassed by repeated pump-fill cycles in a 5 mL conical tube
capped with a septum. ~1 pL of the dithionite solution was added to the cyt ¢ solution
using a gastight syringe (Hamilton). A 1 mL syringe was used to transfer 0.800 mL of
the 0 M GuHClI solution to a 1.0 x 0.4 cm quartz cuvette fitted with a 2-3 inch vertical
extension of glass tubing (by the manufacturer), and the solution was bubble-degassed
with argon for two minutes. 0.5 UL of stock dithionite was added against positive argon
pressure, the solution was mixed, and then 25 puL of reduced cyt ¢ was added (via
syringe) in like fashion (final concentrations: [cyt c] ~ 10 UM, [Sp042"] ~500 uM). The
tube supplying argon was removed slowly, the cuvette was capped immediately with a
septum, and the sample was transferred to the spectrometer for measurement. Samples
typically took 5-15 minutes to equilibrate (based on absorption changes); equilibration
took longest at the highest GuHCI concentrations. The absorption peak ascribed to
dithionite (Amax = 316 nm) typically decreased slowly but steadily during this time, but
clearly remained in vast excess throughout the course of both measurements. Although
the same amount of stock dithionite solution was added to each sample, the concentration
of dithionite, as monitored by the absorption peak at 316 nm, was seen to fluctuate from
sample to sample, presumably as a result of the presence of varying amounts of residual
oxygen in each sample. This procedure was repeated for all desired GuHCI solutions
(working from low to high GuHCI concentration). All spectra in a given set were

obtained on the same day, without any rinsing of the cuvette between samples.



139

Absorption and Fluorescence Measurements

Absorption spectra were measured using a Hewlett-Packard 8452 diode array
spectrophotometer. Fluorescence spectra were measured using a Hitachi F-4500
fluorescence spectrophotometer (scan rate 240 nm/min; wavelength range 310-400 nm
range; slits 5.0/5.0 nm; PMT 950V ; automatic correction set). An excitation wavelength
of 292 nm rather than 280 nm was used in order to diminish the relative yield of tyrosine
fluorescence. The cuvette was oriented such that the incident beam traveled through the
1.0 cm pathlength in both experiments. The fluorescence was collected at 90° to the
sample; thus it traveled through the 0.4 cm pathlength axis of the cuvette en route to the
detector. Temperature was maintained using an HP 89090A Peltier Temperature Control
Accessory (Hewlett Packard) for absorption measurements and a thermostatted
circulating water bath (Lauda/Brinkman) for fluorescence measurements. An external
thermocouple was used to determine actual cell temperature. Note: it is particularly
important in the fluorescence experiments to maintain a constant temperature among

samples since the fluorescence yield of tryptophan is very sensitive to temperature.

Corrections to Fluorescence Spectra

The quantum yield for fluorescence of a molecule (®;) equals the fraction of

excited molecules which decay by emitting a photon of light:

(4.2)

_[ # photons emitted )
=

# photons absorbed

@, for Trp59 in cyt c is sensitive to the conformational state of the protein due to
distance-dependent energy-transfer quenching by the heme group: when the protein is
folded and the tryptophan is close to the heme, ®; is near zero, but when the protein is

unfolded and the average distance between the two moieties is large, @, increases
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significantly.?>26 This difference can be exploited to determine unfolding curves for
cytochrome c.?’
It is much easier to measure fluorescence intensities (F°b5) than quantum yields.

Since Fobs is proportional to the number of photons emitted, it is evident that
Fobs
®, o [?‘] (43)

where 1"

abs

is the intensity of photons absorbed by the fluorophore tryptophan (W). Thus
when 1, is the same for two solutions, the ratio of the observed fluorescence intensities
of the two solutions equals the ratio of the fluorescence quantum yields, and the Fobs
values can be compared directly. This is the case for the oxidized cyt ¢ unfolding
determinations since solutions with equimolar concentration of protein are prepared and
no other absorbers are present in solution. However, this is not the case for the reduced
cyt ¢ experiments due to the presence of variable amounts of another absorber, dithionite,
in solution. In this case, some of the incident light gets absorbed by dithionite, thereby

lowering the number of photons absorbed by tryptophan (I,,). Note that the need for a

correction arises not from the presence of another absorber in solution per se, but because

different amounts of it are present in each sample. In this case only F**/I!, values can

meaningfully be compared; i.e., values of F°PS can be compared only if they are corrected

for the difference in I),,. The term (I),,)”" is thus considered a correction factor, and an

expression for it in terms of experimental observables is derived below.

Let:

I, = the intensity of light incident on the sample at the excitation wavelength

~
1]

the intensity of light leaving the sample at the excitation wavelength

A" = the absorbance due to tryptophan at the excitation wavelength
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b
=
Il

the total absorbance of the solution at the excitation wavelength

I = the intensity of light absorbed by tryptophan at the excitation wavelength

~
N
1]

total intensity of light absorbed by the sample at the excitation wavelength
From these definitions it is evident that
IT

abs

=1 ~1 (4.4)

and from the definition of absorption:

AT = 1og(170) =1=1010"") (4.5)

Substituting Equation 4.5 into Equation 4.4 yields:
L =1(1-10"") (4.6)

It is asserted that the fraction of I, that is due to absorption by tryptophan is equal to the

fractional absorbance of tryptophan in the solution:

w _ AY g
Iabs = F(Iabs) (4'7)

Substitution of Equation 4.6 into 4.7 gives:

w

- %10(1— 10747y 4.8)

and rearrangement leads to

I 1 ( L j 4.9)
I 1-107) A",

abs



142

1, is a constant in the experiments described in this report since the same spectrometer
and cuvette are used for each sample. Typically only minor changes in the absorption
spectrum of tryptophan are observed upon denaturation of proteins,?® and for this
derivation the assumption is made that the variation is insignificant compared with the
differential absorption change caused by the presence of dithionite (i.e., A" is a constant).
Setting these constants arbitrarily to 1 for simplicity, the desired correction factor is

obtained:

T
Fcorr - Fabs A—AT (410)
(1-107")

A second correction factor is also necessary in the reduced cyt ¢ experiments to
correct for the fact that some of the fluorescence intensity is reabsorbed by the sample
before emerging from the cuvette to reach the detector. As above, if this reduction were
the same in all of the samples no correction would be required, but dithionite is present in
varying amounts in each sample and absorbs at 350 nm, the observational wavelength for
Trp fluorescence. To determine this correction, one approximates the actual (or
corrected) fluorescence intensity to be an incident “beam” of intensity /,, and the
observed fluorescence intensity to be an emergent “beam” of an intensity /, with the light
traveling through 0.2 cm of the 0.4 cm pathlength of the cell (half of the cell, on average)

en route to the detector. From Equation 4.5 it follows that

I = 1(109?%) (4.11)

o

where A” represents the total absorption of the sample at the observational wavelength for
fluorescence (measured through a 1.0 cm pathlength). Thus the secondary correction

equation is
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Feor Fobs(lo(o.z)AT) (4.12)

This correction was found to be minor compared to the excitation correction.
Nonetheless, the product of both correction factors was used to calculate corrected

relative fluorescence intensities.

Thermal Unfolding

The temperature dependence of the absorption spectrum of a solution of 10.6 uM
oxidized y-cyt ¢ in 0.18 M GuHCI was determined using an HP8452A UV/vis
spectrometer fitted with an HP 89090A Peltier Temperature Control Accessory. The
temperature was increased from 20 to 82 °C in increments of <5 °C. Solutions were
equilibrated for ~7 minutes at each new temperature. The cuvette was capped with a
septum throughout the experiment. After the spectrum at the highest temperature was
recorded, the solution was reequilibrated at 25 °C for 25 minutes. Approximately 80% of

the original signal was recovered.

Fitting the Equilibrium Unfolding Data

An unfolding equilibrium isotherm (also called an “unfolding curve” or
“denaturation curve”) describes how the fraction of unfolded protein in a sample (X))
varies with the concentration of a chemical denaturant. Unfolding curves for
cytochromes ¢ were generated from raw absorption or fluorescence data using a standard
procedure.?® Briefly, an assumption was made that only two states of the protein, the

folded and unfolded forms, were present at equilibrium at any denaturant concentration:

X+ X =1 (4.13)
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where Xrrepresents the fraction of folded protein. The y value (absorption or
fluorescence value) at any denaturant concentration is thus equal to the sum of the

individual contributions of the folded and unfolded states:

Y= Xfyf +X (4.14)

Substituting Equation 4.13 into 4.14 yields (after rearrangement):

Y~ Y
yu_yf

X, = (4.15)

The pre- and post-transition data were used to determine the (assumed) linear dependence

of yrand y, on denaturant concentration:

yr= m{GuHCl] + bs (4.16)

yu = my[GuHCl] + by, 4.17)

Unfolding curves were fit to the following function using the program Kaleidagraph
(Abelbeck/Synergy Software):
1

A= (mD([GuHCZ]1 o [GuHCl])) (4.18)
1=exp

RT

in which [GuHCI];, is the concentration of GuHCI at which half the protein is unfolded,

and mp is the slope relating the free energy of folding and [GuHCI]:2%-%0

AGf= AGf + mp[GuHCI] (4.19)



145

AGf° is the free energy of folding with no GuHCI present. Equation 4.18 derives from the
fact that in a two-state approximation, X, is related to the equilibrium constant for folding
K,=1/(1+ Ky)] which in turn is related to the free energy of folding (AG¢= —RTIn Ky)
Note also that in this approximation AGf* = — mp[GuHCl] ;. Fitting with Equation 4.18
implicitly assumes that the linear relationship between AG and [GuHCI] holds over all

denaturant concentrations.

Kinetics Experiments

Solutions containing 15 UM cyt ¢ and 2-64 uM (typically 32 uM) Co(C04)33~
(1.5 mL, = 0.1 sodium phosphate buffer, pH 7.0 + 0.3) were Ar-degassed via repetitive
(5 x 10 cycles each) pump/fill cycles on a Schlenk line in vacuum cells fitted with 1 cm
quartz cuvette sidearms. Stock solutions of Co(C204)33~ (~5 mM) were used within one
day of preparation; light exposure was kept to a minimum. Kinetics were measured by
laser-flash photolysis/transient absorption spectroscopy in the Beckman Institute Laser
Resource Center. Samples were excited by 25 ns pulses (308 nm, 2-5 mJ/pulse) from a
XeCl excimer laser (Lambda Physik LPX201i). Other instrumentation was as described
in Chapter 2. Kinetic traces are averages of four laser shots collected at one shot per
cycle with the sample stirred between each shot; each sample was subjected to no more

than 20 shots in total.

Analysis of Kinetic Data

Kinetic traces were fit using the KINFIT program, which was written by Jay
Winkler for the IBM-PC and adapted for use on a Macintosh computer by Torbjorn
Pascher. Three different functions were used for fitting the kinetics occurring after the
reduction phase (AA refers the transient absorption signal which is collected as a

difference absorbance): a single exponential function,
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AA(t)=c, +ce™ (4.20)

a biexponential function,

AA(t)=c, + e +c,e”™ (4.21)

and a function which assumes a Gaussian distribution of activation free energies

(& nk):

(In k)e™d(In k) (4.22a)

In i, o

AA(D)=c,+c, [G

where

G = (Ink)= _ L byt (4.22b)

lni,c( G’\/E

In the first two fitting functions, cq is the transient absorption signal at infinite time, ¢, is
the transient absorption amplitude of the nth kinetic phase, and k&, is the rate constant of
the nth kinetic phase. In the third fitting function (referred to hereafter as the “distributed
fit”), cp is the transient absorption signal at infinite time, and c; can be thought of as the
amplitude of a kinetic “phase” associated with a distribution of first order rate constants
characterized by k , the rate at the mean activation free energy. © is the width of the
Gaussian distribution (of the activation free energy) and reflects the degree of
heterogeneity of the sample; as ¢ goes to zero, the distribution approximates a delta
function, and the fit becomes that of a single exponential function (Equation 4.20).
Single exponential fits were satisfactory for some but not all of the traces;
biexponential fits and distributed fits were adequate for all data. Further discussion on

this point is deferred until the Results and Discussion section. It should be noted that the
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distributed fit algorithm in the current version of KINFIT ([30.3.0, Macintosh) does not
converge well; it is often necessary to manually adjust both parameters during the fit to
determine if a global minimum has actually been reached. One should use this algorithm

very carefully.

Calculation of Folding Rate Constants

Kinetics data presented in this chapter are generally consistent with a model in
which the observed kinetic phase after reduction of cyt cIll; under folding conditions
corresponds to the sum of two processes: folding and reoxidation (Figure 4.13). In this

model, rate constants for folding are extracted from the observed rate constants by

multiplying k,, (or k) by the fractional yield of protein folded (®;) (Note the similarity

obs

to Equations 2.4 and 2.6):

kobx = kox + kf (423)
(o) i b k., =® k (4.24)
= = = = "
d kox F kf kobs d s

When calculating k, values from data fitted with a biexponential function, only the fast
kinetic phase, which was predominant in all cases, was considered. In the case of the
distributed fit model the assumption is implicitly made that the distribution of activation
free energies is the same in the folding and oxidation reactions, which need not be the
case. The yield of folding was determined by converting the appropriate transient
absorption amplitudes (fit parameters) to absolute concentrations using A€ values (at the
appropriate wavelengths) for reduced unfolded and reduced folded cyt ¢ obtained from

optical unfolding equilibrium data:
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_ oyt v AAL/Ag,

CI)f n
cytcu AAy/Ag

(4.25)

In principle, Ae values are a function of [GuHCI] and temperature, and need not
be identical for yeast and horse cyt ¢ proteins. In many cases, however, absorption
unfolding data were quite noisy, masking potential differences between proteins, and
making extrapolation to different values of [GuHCI] unjustified. For the wavelengths
used in our experiments (400, 420, and 550 nm), the pre- and post- transition slopes in the
best (least noisy) sets of absorption data (h-cyt ¢ at 22.5 °C; Figures 4.10, 4.11) are
relatively small, leading to maximal differences between extrapolated and non-
extrapolated Ag values of ~5-10%. These uncertainties are dwarfed by the errors
associated with the observed rate constants (see below), and calculation of rate constants
in the h-cyt ¢ kinetics data set (at 22.5 °C) using constant, unextrapolated values for Ae
yielded rate constants very similar to those obtained using extrapolated values.
Furthermore, a temperature unfolding experiment revealed only small spectral changes
(~2%) at 400, 420, and 550 nm in cyt cII between 22.5 and 40.0 °C. Given these
observations, we elected to use constant values determined from the h-cyt ¢ unfolding
curves at 22.5 °C to calculate @;in yeast and horse experiments at both temperatures
[Agg: —46500, 66800, and 21800 M-! cm-! (400, 420, and 550 nm respectively); Ay,
—53200, 84500, and 13600 M-! cm-1 (see Figure 4.9)].

RESULTS AND DISCUSSION

Description of Technique
This study describes a new method for initiating protein folding using electron-
transfer (ET) chemistry. Our approach is based on the observation that the formal

potentials for metals in redox proteins are often “tuned” by the folding of the polypeptide
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chain around them; that is, metals in the hydrophobic interior of a folded protein often
exhibit redox potentials which are significantly different from those they would possess
in an aqueous environment.3! A simple thermodynamic cycle (Figure 4.1; P represents a
redox protein)3? indicates that such a shift in redox potential (AEE _ y = Eg — Ey) reflects
a difference in conformational stability between the two redox forms of the protein
(—=nFAEF _ y = AAG¢, red — ox = AGf, red — AG¥, ox). If this stability difference is
sufficiently large, it should be possible to find conditions at which one redox form of the
protein is unfolded and the other form is folded. For example, if the reduced form of the
protein (Preq) is more stable than the oxidized protein (Poy), it is expected that a higher
concentration of a chemical denaturant will be required to unfold the reduced protein
compared to the oxidized protein (Figure 4.2A). In solutions for which the denaturant
concentration value lies between the two unfolding curves, reduction of the oxidized
protein (unfolded) will lead to the formation of folded reduced protein (Figure 4.2A,
arrow). If the reduction is rapid enough, the folding of the reduced protein can be
observed (Figure 4.2B). In this scenario, the initiation is limited only by the rate of the
electron transfer since no mixing is involved. Owing to the many well established
techniques for reducing or oxidizing proteins on time scales on the microsecond

timescale or shorter,33:34

this technique offers promise for studying very early events in
protein folding.

The utility of this technique is demonstrated by studying folding in the electron-
transfer protein cytochrome c. Two features in particular make this protein a good
candidate for ET-triggered folding studies. First of all, the heme group is linked to the
polypeptide through covalent (thioether) bonds to Cys14 and Cys17. This prevents the
heme from diffusing away upon unfolding, thus ensuring that upon reduction, the rate-

limiting step is folding instead of bimolecular heme rebinding. Secondly, it is known that

the redox potential of folded cyt ¢ (260 mV vs. NHE)? is ~400 mV higher than the
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potential for an exposed heme in aqueous solution (~—150 mV),3¢ indicating that the
reduced form of the protein is substantially more stable than the oxidized form.3%37 Thus
a wide “window” of denaturant concentrations is predicted for which folding can be
triggered by a rapid reduction of the heme. In fact, reduction of GuHCl-unfolded

h-cyt Il using electrochemical methods has been shown to yield recovery of a native
redox potential, indicating folding.3? This methodology, however, could not yield kinetic
information beyond an upper limit of ~100 ms. Our approach utilizes photoinduced
electron transfer, and is therefore capable of accessing kinetic data down to microseconds

or faster in principle.

Equilibrium Unfolding Curves

Fluorescence Data

The degree of folding of cyt ¢ has been determined by monitoring the intensity of
fluorescence from tryptophan 59.27 The fluorescence is nearly completely quenched in
the folded state, presumably via energy transfer to the heme group, due to the proximity
of the two chromophores.?> As the protein is unfolded by denaturant, the distance
between the two moieties increases, and the fluorescence signal intensifies dramatically?®
(Figure 4.3).

Unfolding curves generated from fluorescence data for h-cyt ¢ and y-cyt ¢ in both
oxidation states at 22.5 °C and 40.0 °C are well described as two-state transitions in
which the free energy of folding is a linear function of denaturant concentration (Figures
4.4,4.5; Equation 4.19). Itis evident from the unfolding curves that at both temperatures
in both species of cyt c, the reduced form is considerably more stable than the oxidized
form, as predicted from electrochemical data. Indeed, the extrapolated values of
AAGEF, red — ox to zero denaturant concentration (AAG®f, red — ox = —30 to —35 kJ mol-1;
Table 4.1) are close to those estimated from the difference in redox potentials (AE{® ~

—400 mV = -39 kJ mol-1). Itis also seen that in both oxidation states at both
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temperatures, y-cyt c is considerably less stable than the corresponding h-cyt ¢ protein:
the AGg values extrapolated to zero GuHCI concentration (AG¢°) are ~15 kJ mol-! more
positive for y-cyt c than for h-cyt ¢, and the unfolding midpoints occur at GuHCI
concentrations ~1.5 M lower for y-cyt ¢ than for h-cyt ¢ (Table 4.1). The observed
[GuHCl]1/2 and mp values for h-cyt ¢l and y-cyt cIll at 22.5 °C are consistent with
values reported in prior determinations at similar conditions using identical (or nearly
identical) proteins.?8-40 The same is true for the values found for y-cyt cIl at 22.5 °C.40
The stability differences between y-cyt ¢ and h-cyt ¢ must arise from the side
chain variability between the two proteins. Despite the nearly identical backbone folds of
h-cyt ¢ and y-cyt ¢ (about 80% of the main chain to main chain hydrogen bonds are
conserved between h-cyt ¢ and y-cyt ¢, and the average deviation between main chain
atoms is just 0.45 A),*! the two sequences are just 60% identical (Figure 4.6).4?
Examination of the X-ray crystal structures of the two proteins reveals that the majority
of the changes occur at surface residues, whereas the most highly conserved side chains
are those which form the heme environment or are near the exposed heme edge.*!434
This is likely due to the fact that the latter residues play a key role in determining the
redox potential of the heme, which allows the protein to carry out its physiological ET
function. Six distinct domains can be identified in cytochrome c: three o-helical regions
(amino terminus, residues 1-13; carboxy terminus, 86-104; 60’s helix, 61-69), and three
omega loops (residues 20-35, 36-60, and 70-85).*> Only two of these regions, the 20-35
and 70-85 loops, display a high degree of sequence conservation (> 80% identical)
between y-cyt ¢ and h-cyt c.*? The amino- and carboxy-terminal helices display the

lowest degree of similarity (58% and 37% respectively).

Absorption Data
We have also measured the absorption spectral changes that accompany unfolding

of cyt ¢ by GuHCI. The primary change observed for oxidized h-cyt ¢ at 22.5 °C and pH
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7 is a slight shift of the Soret band to higher energy with an accompanying increase in
extinction coefficient (Figure 4.7). Changes for the reduced protein (22.5 °C, pH 7)
include a small shift to lower energy with an increase in extinction coefficient for the
Soret band, and a very slight shift to lower energy with a decrease in extinction
coefficient for the peaks at 520 and 550 nm (Figure 4.8).

The spectrum of cyt ¢ is dominated by the heme group, and thus the observed
absorption changes reflect either differences in axial ligation or heme environment that
occur upon unfolding.*® The axial histidine remains bound to the heme upon unfolding
of the oxidized protein at pH values above ~2.5;%’ the axial methionine, however, is
thought to be displaced by non-native histidine residues upon denaturation by GuHCI at
pH 7.%*8 Reduced unfolded cyt c is less well characterized, but presumably the axial
histidine remains bound and the methionine is replaced by another ligand at pH 7.

Difference spectra corresponding to the species expected in the kinetic
experiments, the unfolded reduced (cyt cIy — cyt cIllyy) and folded reduced (cyt cllg —
cyt cllIyy) proteins, exhibit similar overall shapes, but differing extinction coefficients
near 400, 420, and 550 nm, the wavelengths used for most kinetic measurements (Figure
4.9). This difference is more clearly illustrated by plotting the A€ values at these
wavelengths as a function of GuHCI (Figures 4.10, 4.11). Although the pre- and post-
transition slopes are nonzero, they are sufficiently small that constant A€ values have
been used determinations of @, (see Materials and Methods). Absorption spectral
profiles of oxidized y-cyt ¢ (in 0.18 M GuHCI) obtained upon thermal unfolding closely
resemble those determined by denaturation with GuHCI (Figure 4.12). The transition is
sufficiently steep and occurs at a high enough temperature (Ty, ~ 51 °C) that the
extinction coefficients at 22.5 and 40.0 °C are nearly identical (< 2% different). These
results are consistent with our observation that the shapes of GuHCl-induced unfolding

curves at both temperatures were similar; differences were not significant compared to
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the (relatively large degree of) noise observed in optical titrations carried out at 40.0 °C.

Thus the same Ag values were used for the two temperatures.

Kinetics

Photoreduction Schemes

As discussed above, the ET-triggering method requires rapid reduction of
unfolded cyt ¢ to initiate folding. The low redox potential and kinetic accessibility of the
heme group in unfolded cyt ¢ make it a very efficient reductant. This places fairly
stringent demands on any potential photochemical reduction scheme: one must not only
rapidly generate a potent reductant, but also do so without concomitant generation of
oxidants, since reoxidation of the heme removes the driving force for folding. In
practice, oxidants can be tolerated as long as the rate of the folding process being
observed is competitive with the rate of reoxidation. Microsecond reduction of unfolded
cyt ¢ by the excited-state of ruthenium-polypyridyl compounds has been achieved in both
intramolecular®® and bimolecular systems,1 but in both cases, reoxidation is observed by
photoproducts on a timescale of about 1 ms. Investigations using the bimolecular
approach have indicated that a kinetic phase exhibiting a small relative heme absorption
change may occur early in the folding of reduced cyt ¢ at pH 7.1°° This chapter,
however, describes the kinetic events associated with large heme absorption changes
which occur on a >1 ms timescale. For these experiments a reduction scheme based on
the photochemistry of Colll(C204)33~ (Cp042~ is oxalate) is used (Figure 4.13). UV-
laser excitation of solutions of Colll(C204)33 yields rapid generation of Coll, and a
strong reductant, probably CO,*~ (E°(CO2/CO5*~) = —2.0 V).31"33 This chemistry is
thought to arise from the distinctive properties of the ligand-to-metal charge-transfer state
which is formed upon excitation, *[(C204)2Coll(C204°7)]: Collis known to be quite

labile,>* and the oxalate radical anion is known to be unstable with respect to homolytic



154

carbon-carbon bond cleavage.>> Importantly, all of the presumed photoproducts in this

reaction are either reductants (CO2°~) or are effectively non-redox active (Collyg CO»).

Non-folding Conditions

At very low and very high concentrations of denaturant, reduction of oxidized
cyt ¢ is not expected to yield folding behavior: at sufficiently low denaturant
concentration, oxidized cyt c is already folded before the reduction, and at very high
GuHCI concentrations, the unfolded reduced cyt ¢ that is produced has no
thermodynamic driving force to fold (Figures 4.4, 4.5). These conditions have been used
to characterize the Co(C704)33~/cyt ¢ photoreduction system. Kinetics following laser
flash photolysis of Co(C»04)33~ in the presence of oxidized folded y-cyt c at pH 7 and
40.0 °C (no GuHCl) are monophasic (Figure 4.14A). This phase corresponds to the
reduction of y-cyt ¢ with a pseudo first order rate constant of ~300 s*1. Notably, no
further changes in absorption are observed out to ~1.0 s (Figure 4.14B), indicating that
the final product of reduction, y-cyt cIg, undergoes no observable conformational
changes or reoxidation under these conditions. When the same experiment is conducted
in the presence of 7.6 M GuHCI, significantly different results are obtained: kinetics are
biphasic, with the first phase corresponding to an accelerated reduction of the heme (kobs
~ 104 s71), and the second corresponding to reoxidation of the heme on a ~100 ms
timescale (Figure 4.15).

Data gathered at a variety of GuHCI concentrations suggest that the accelerated
reduction and oxidation seen at high concentrations of GuHCI do not represent an
intrinsic dependence of these rates on the concentration of denaturant, but rather reflect
differing properties of the folded and unfolded forms. The faster rate of reduction for the
unfolded state is somewhat surprising given that its redox potential is ~0.40 V lower than
the folded conformation. However, analogous behavior has been observed in

microperoxidase 8, and has been attributed to increased accessibility of the heme to
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solvent.’® Accelerated reoxidation of unfolded cyt ¢!l is to be expected if oxidants are
present, but it was hoped that the lack of oxidative photoproducts would lead to greater
longevity of cyt cllyy than is observed. Unphotolyzed Colll(Cy04)33~ may be acting as
the oxidant, although residual traces of oxygen cannot be ruled out as the source of
reoxidation. The fact that folded cyt ¢ does not reoxidize to any appreciable extent on the
timescale of our measurements is a critical observation. Under conditions in which
folding experiments are performed, the presence of a signal remaining (a plateau) after
~100 to 500 ms is clear indication that at least some of the protein has folded to a form
which has a near-physiological heme environment (redox potential and degree of solvent
accessibility). A rate constant for folding can thus be determined even under conditions

in which reoxidation competes with the folding reaction.

Folding Experiments

We expect to see protein folding by rapid reduction of ferricytochrome ¢ under
conditions in which at least 50% of oxidized cyt ¢ is unfolded and 90% of reduced cyt ¢
is folded. Inspection of the equilibrium folding data (Figures 4.4, 4.5; Table 4.1) yields
the following ranges of GuHCI concentration for the designated species and temperature:
h-cyt ¢(22.5 °C), 2.8 - 5.0 M; h-cyt ¢(40.0 °C), 2.4 - 4.3 M; y-cyt ¢(22.5 °C), 1.3 -3.5 M;
y-cyt ¢(40.0 °C), 0.8 - 2.9 M). Excitation of Co(C204)33~ in the presence of y-cyt c at
40.0 °C in 1.0 M GuHCl yields biphasic kinetics (Figure 4.16). The first phase
corresponds to rapid reduction of the heme, as seen above: the traces at 420 and 400 nm
exhibit a large rise and bleach respectively, and the trace at 550 nm shows a more modest
signal increase. The second phase corresponds primarily to folding: the traces at 400 and
420 nm tend toward zero, but plateau after about 100 ms. The 550 nm trace does not
exhibit a second phase, but simply plateaus immediately after the reduction phase. This
behavior suggests that a fraction of the protein has undergone reoxidation rather than

folding since a slight increase is expected at 550 nm for 100% folding, but (partial)
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reoxidation would contribute a (small) decrease to the signal. These profiles are nearly
identical to those observed with h-cyt ¢ in 2.7 M GuHCI at 40 °C, conditions at which
essentially 100% of the sample folds. In the latter experiment, a full range of
wavelengths was monitored, and the full transient spectra, just after reduction (at ~1 ms)
and after completion of the folding phase (at ~50 ms), accord closely with the difference
spectra of unfolded and folded reduced cyt c respectively (Figure 4.17).!

Kinetics of folding of both h-cyt ¢ and y-cyt ¢ have been measured over a wide
range of GuHCI concentrations at both 22.5 °C and 40.0 °C (pH 7). Kinetic traces cannot
always be fit adequately by single-exponential functions, but are well described by
biexponential decays or functions describing a distribution of first order rate constants
(see Materials and Methods) (Figure 4.18). Many kinetic models can lead to the
observation of biexponential behavior; in the case of folding, the most common involves
the assumption that the reaction goes through a distinct kinetic intermediate, either “on-
pathway” or “off-pathway.”’ This could be the case in our system; however, we have
no a priori reason to suspect that this should be so. The distributed model, on the other
hand, is intuitively more attractive in that the source of the nonexponential behavior is
attributed to heterogeneity in the sample, which is likely to be the case in reactions such
as protein folding. As a test of this model, the reoxidation kinetics at very high
concentrations of GuHCI] were examined. As in the folding reaction, this process
involves the unfolded “state” as a reactant, and is therefore expected to exhibit
heterogeneous kinetics. Indeed, reoxidation traces cannot be fit adequately using a
monoexponential decay function (Figure 4.19A), but are described well by the distributed
function (Figure 4.19B). The kinetics can also be fit to a biexponential function, but a
model assuming two kinetic phases seems somewhat arbitrary and chemically
unreasonable (one must assume two distinct subpopulations of unfolded molecules with

different tendencies for reoxidation). We report and discuss primarily values of k ; In this
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thesis. Itis noted, however, that our spectral kinetics data alone provide insufficient
evidence to conclusively distinguish the two models.

For a given protein at 22.5 or 40.0 °C, slower observed rates and smaller final
absorption signals are evident as the concentration of GuHCl is increased (Figure 4.20).
Analysis using the distributed fit model assuming a competition between folding and
reoxidation yields & f values which decrease as the concentration of GuHCI increases,
whereas the reoxidation rate is roughly constant as a function of GuHCI and (within
error) independent of protein and temperature [(k, = 11 £ 5 (h-cyt ¢, 40.0 °C); 14 £ 6 (y-
cyt ¢, 40.0 °C); 13 £ 6 (h-cyt ¢, 22.5 °C); 7 £ 3 (y-cytc, 22.5 °C)]. These values for &,
are consistent with the observed k,_ for “pure” reoxidation kinetics of y-cyt clly; at very
high concentrations of GuHCI (Figure 4.19B). Values of ¢ are similar at all
concentrations of GuHCI at a given temperature, but are larger at 40.0 °C than at 22.5 °C.
Plots of log k ; (and thus In k ) vs. [GuHCI] are linear for y-cyt ¢ and h-cyt c at both
temperatures studied (Figure 4.21). Analysis of the data at 22.5 °C using biexponential
fits gives very similar results to those found using distributed fits (Figure 4.22); values for
k; are typically within 50% of the corresponding k f values.

The & f values appearing in Figure 4.21 are averages of rates derived from
kinetics data at 400, 420, and 550 nm (in cases where 550 nm data are relatively flat as in
Figure 4.16, the mean of the 400 and 420 nm values is tabulated). Close inspection of the
data before averaging reveals that although the linear behavior is evident, the values
extracted from data acquired at different wavelengths often vary substantially. In
particular, the values derived from 550 nm data are consistently smaller, often by as
much as a factor of 2, than rates derived from 400 and 420 nm data (Figure 4.23; 22.5 °C
data shown). While this might simply reflect a large intrinsic uncertainty associated with
the complexity of the system and the fact that k f is extracted from the observed rate by

calculating @, it may also be indicative of a systematic error in our analysis. One
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possible explanation is that the protein does not achieve the “final” folded form in the
kinetic phase that we observe, but rather a nearly native state (in which the polypeptide
has collapsed around the heme to afford a near-physiological redox potential) which
exhibits a decreased intensity at 550 nm in the absorption spectrum relative to the fully
folded form (possibly due to the lack of proper Met80 ligation?). This would result in a
decreased calculated yield of folding in our analysis of the 550 nm data and could
account for the lower k 7 values that are observed relative to values obtained from 400
and 420 nm traces.

Assuming transition state theory with a constant pre-exponential factor, a linear
relationship between In k& f and [GuHCI] corresponds to a linear relationship between the

activation free energy of folding (AG#) and [GuHCI]:>8~°

AG# = AG#° + mpf[GuHCI] (4.26)

where mp# equals the slope of a plot of RT1n k 7 Vs [GuHCI]. Recalling that AGyis also
linearly related to [GuHCI] (Equation 4.19), AG#* (and thus In k f) must also be a linear
function of AGywith a slope equal to mp# / mp. Plots of log k 7 Vs AG; are shown in
Figure 4.24; values of mp* and mp* / mp obtained from the plots in Figures 4.21 and 4.24
are tabulated in Table 4.1.

Examination of the rate behavior exhibited by y-cyt ¢ and h-cyt ¢ yields a
remarkable observation: at a given concentration of [GuHCI] at either 22.5 or 40.0 °C,
the observed or extrapolated mean folding rate constant for h-cyt ¢ is over an order of
magnitude larger than that for y-cyt c; however, at a given folding free energy at either
temperature, the rates of folding in the two proteins are comparable (Figures 4.21, 4.24).
This result strongly suggests that the height of the barrier for this step in cyt ¢!l folding

depends only on the relative energies of the initial and final states. This finding also
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provides compelling experimental support for the theoretical notion that the folding free
energy is a key factor in determining the rates of protein folding.%-¢! Furthermore, the
fact that the h-cyt ¢ and y-cyt ¢ values of Ef have distinct dependencies on the
concentration of GuHCI indicates that this denaturant serves to shift the folding/unfolding

equilibrium, but does not have a specific effect in determining the folding rate.

Interpretations and Implications

The Hammond postulate states that for a chemical reaction with a single transition
state, dlog k /dlog K = B, where [ represents the position of the transition state along the
reaction coordinate.%? Fersht and coworkers have applied this principle to the study of
protein folding, noting that when Equations 4.19 and 4.26 hold, dlog k / dlog K =
0AG# | 0AGr = mp? / mp (see also above analysis).”® Although we have not
conclusively observed evidence that cyt c!I folding involves an intermediate, neither have
we clearly demonstrated that the process is two-state. Nonetheless, recent studies have
suggested that cyt c[II folding can be a two-state process under certain conditions,®3 and
we will proceed with the analysis noting the assumption made. Values of mp?/ mp for y-
cyt ¢ and h-cyt ¢ at both temperatures studied are all near 0.4 (Table 4.1), suggesting a
relatively early transition state along the folding reaction coordinate. The similarity in
these values, a reflection of the striking agreement in rate/free energy behavior noted
above, suggests that the residues that are not conserved between the two sequences do not
significantly affect the location of the transition state, and the two proteins follow similar
folding pathways. Interestingly, the mp# / mp value reported for cyt !l is also near 0.4
(0.46)%3 suggesting that the location of the transition state is also fairly insensitive to the
oxidation state of the iron atom.

Another parameter, @ (not to be confused with @), has been used to assess the

degree of foldedness of particular residues (mutations) in the transition state of folding.5*
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®F is defined as AAG# / AAGy , where AAGH is the difference in the activation free
energy of folding between the mutant and the wild-type, and AAGyis the difference in
folding free energy between the two. Its value represents the extent to which the
residue(s) involved in the mutation(s) experience(s) a native-like environment (often
interpreted as “structure”) in the transition state; a value of O corresponds to an unfolded
environment for the residue, whereas a value of 1 implies a completely native-like
environment.®5 As in the preceding paragraph, this analysis is only meaningful when
applied to a system in which there is only one transition state. Again making this
assumption for cyt cIl, and viewing y-cyt ¢ as a “mutant” of h-cyt ¢, we calculate a ®p
value of ~0.5 over the concentration range of 1-3 M GuHCI (at 22.5 and 40.0 °C). This
value suggests that on average, the ~40 residues which differ between h-cyt ¢ and y-cyt ¢
find themselves in a partially folded environment in the transition state of folding. With
so many mutations between the two proteins, it is difficult to make a specific
interpretation of this result. However, the value of ~0.5 is consistent with results of
kinetic studies of h-cyt clll which suggest early formation of structure in the N- and C-

terminal helices, the two regions with the lowest homology between y-cyt ¢ and h-cyt c.

CONCLUSION

It has been demonstrated that electron transfer can trigger protein folding. This
initiation technique allows direct observation of folding kinetics over a wide range of
timescales, including those in the submillisecond regime. This method has been used to
compare the folding energetics and kinetics of h-cyt ¢ and y-cyt c¢. The results strongly
suggest that the folding free energy is a primary factor in determining folding rates.
These two proteins, with just 60% sequence identity but very similar backbone structures,
fold at very different rates at a given denaturant concentration, but at nearly the same rate

when their folding free energies are equal. The differences in the amino-acid sequences



161

shift the position of the folding/unfolding equilibrium, but do not appear to alter the

location of the transition state along the folding reaction coordinate.
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Table 4.1. Thermodynamic and kinetic parameters for h-cyt ¢ and y-cyt ¢ folding and

unfolding.4

Protein T [GuHCI)y,  —AGP mp mp* mp¥/mp
{°C) (M) (kd mol'!)  (kd mol'* M) (kJ mol! M-T)
h-cyt dll 22.5(5) 2.8 (1) 40 (1) 14.3 (4)
h-cyt ¢l 22.5(5) 5.3 (1) 74 (3) 13.8 (4) 5.2 (5) 0.38
h-cyt dll 40.0(5) 2.4 (1) 30 (1) 12.2 (4)
h-cytdl  40.0(5) 4.7 (1) 61(10)  13.1 (20) 5.5 (5) 0.42
y-cyt dll 22.5(5) 1.3 (1) 24 (1) 18.9 (5)
y-cyt dl 22.5(5) 3.8 (1) 59 (4) 15.7 (10) 5.4 (5) 0.34
y-cyt dll 40.0(5) 0.8 (1) 15 (1) 18.1 (8)
y-cyt ¢l 40.0(5) 3.3(1) 45 (3) 13.7 (8) 5.8 (5) 0.42

% Numbers in parentheses are estimated uncertainties.
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Figure 4.1. Thermodynamic cycle illustrating the relationship between folding free
energies (AGy) and reduction potentials (E) in a redox protein (P). » is the number of
electrons transferred, and F is the Faraday constant. Subscripts represent the states of the
protein: U = unfolded, F = folded; ox = oxidized, red = reduced, except in the case of

AGt where the lowercase f designates the reaction type (folding).
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Figure 4.2. Depiction of ET-triggered folding of a hypothetical protein with redox
center, P, in which the reduced protein is more stable than the oxidized with respect to
unfolding by a chemical denaturant. (A) Unfolding curves. X, is the fraction of protein
unfolded at equilibrium. Reduction of the oxidized unfolded protein leads to reduced
folded protein after equilibrium is reached, when the reduction is carried out at denaturant
concentrations that lie between the two curves. (B) Cartoon representation of the

triggering. If reduction is fast compared to folding, the latter process can be observed.
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Figure 4.3. Unfolding of y-cyt cII by GuHCI at 40.0°C, pH 7, monitored by tryptophan
fluorescence. (A) Fluorescence spectra (Aex = 292 nm) of solutions containing 10.9 uM
y-cyt ¢, ~500 uM S2042~ (added), and O to ~6 M GuHCI. The intensity units are
arbitrary. (B) Corrected fluorescence intensities at 350 nm of the solutions in (A) plotted

as a function of [GuHCI]. The correction was carried out using Equations 4.10 and 4.12.
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Figure 4.4. Equilibrium unfolding data for h-cyt ¢ and y-cyt c at 40.0 °C, pH 7.
(A) Unfolding curves determined from corrected fluorescence intensity data at 350 nm
(y-cyt ¢, inverted triangles; h-cyt ¢, diamonds). Lines are best fits to Equation 4.18: y-
cyt I (long dashes); y-cyt cII (dashes); h-cyt I (dotted); h-cyt cII (solid). Fit
parameters are depicted graphically in (B), which shows plots of AGgvs. [GuHCI] (see

Equation 4.19). Fit parameters are also tabulated in Table 4.1.
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Figure 4.5. Equilibrium unfolding data for h-cyt ¢ and y-cyt c at 22.5 °C, pH 7.
(A) Unfolding curves determined from corrected fluorescence intensity data at 350 nm
(y-cyt c, inverted triangles; h-cyt ¢, diamonds). Lines are best fits to Equation 4.18: y-
cyt I (long dashes); y-cyt cII (dashes); h-cyt cIII (dotted); h-cyt c!I (solid). Fit
parameters are depicted graphically in (B), which shows plots of AG¢vs. [GuHCI] (see

Equation 4.19). Fit parameters are also tabulated in Table 4.1.
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Figure 4.6. Structure and sequence comparison of y-cyt ¢ and h-cyt c. (A) Overlay of
the backbone traces of y-cyt ¢ (gray) and h-cyt ¢ (black) in the standard view. The heme
and axial ligands are displayed as well. (B) Sequence comparison of y-cyt ¢ and h-cyt c.

Differences are bolded and underlined for emphasis.
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Figure 4.7. Absorption spectral changes accompanying unfolding of h-cyt ¢!l by GuHCl
at 22.5 °C, pH 7 ([cyt c] = 7.3 uM; range of [GuHCl], O to 7.3 M). (A) Full spectrum.
(B) Close-up of the Soret band region. (C) Close-up of the Q-band region. Arrows

indicate increasing concentration of GuHCI.
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Figure 4.8. Absorption spectral changes accompanying unfolding of h-cyt cII by GuHCI
at 22.5 °C, pH 7 ([cyt ¢] = 11.8 uM; [S2042-] ~ 500 uM (added); range of [GuHCI], O to
7.6 M). (A) Full spectrum. The large absorbance near 316 nm is due primarily to
S2042-. (B) Close-up of the Soret band region. (C) Close-up of the Q-band region.

Arrows indicate increasing concentration of GuHCI.



182

16 |

1.2

Abs

0.8

0.4 |

ol...

300

MR PO S a U T T T e .
400 450 500 550 600

Wavelength (nm)

350

1.6

1.2

Abs

0.8

0.4

395

0.35

400 405 410 415 420 425 430
Wavelength (nm)

0.3

0.25

Abs

510 520 530 540 550 560 570
Wavelength (nm)



183

Figure 4.9. Estimated difference spectra of folded and unfolded reduced cyt ¢ at pH 7.
(A) Spectra representing cyt cllyy (solid line; h-cyt cIl acquired at 22.5 °C in 6.3 M
GuHCI), cyt cllg (dashed line; h-cyt cI acquired at 22.5 °C in 4.6 M GuHCl), and

cyt clly (dotted line; h-cyt ¢l measured at 22.5 °C in 3.9 M GuHCI). (B) Difference
spectra determined from the spectra in (A). Reduced unfolded (solid line; cyt cllyy —

cyt cllly), reduced folded (dashed line; cyt cllg — cyt c!ly).
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Figure 4.10. Absorption spectral changes at 400 nm (A), 420 nm (B), and 550 nm (C)
accompanying unfolding of h-cyt ¢!l by GuHCl at 22.5 °C, pH 7. Data are from Figure
4.7, plotted as € values (using [h-cyt c] = 7.3 uM). Linear fits to the filled symbols

represent the dependence of the spectrum of h-cyt ¢!l on the concentration of GuHCI.
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Figure 4.11. Absorption spectral changes at 400 nm (A), 420 nm (B), and 550 nm (C)
accompanying unfolding of h-cyt cIl by GuHCl at 22.5 °C, pH 7. Data are from Figure
4.8, plotted as € values (using [h-cyt ¢] = 11.8 uM). Linear fits to the filled rectangles

represent the dependence of the spectrum of h-cyt ¢l on the concentration of GuHCI;

fits to the filled circles define the GuHCI dependence of the spectrum of h-cyt clIg.
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Figure 4.12. Absorption changes at 400 nm (A), 420 nm (B), and 550 nm (C)
accompanying thermal unfolding of y-cyt ¢l (10.6 uM) at pH 7 in 0.18 M GuHCL.
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Figure 4.13. Reaction scheme for photoinduced ET-triggered folding of cytochrome c.
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Figure 4.14. Transient absorption kinetics monitored at 420 nm following excitation
(Aex = 308 nm) of a solution of y-cyt c!lg (~15 pM) and Co(C204)33~ (32 uM) in 0 M

GuHCI (pH 7, 40 °C). (A) 20 ms timescale. (B) 800 ms timescale.
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Figure 4.15. Transient absorption kinetics monitored at 420 nm following excitation of a
solution of y-cyt clllyy (~15 uM) and Co(C204)33~ (32 uM) in 7.6 M GuHCI (pH 7,

40 °C). (A) 0.6 ms timescale. (B) 800 ms timescale.
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Figure 4.16. Transient absorption kinetics following excitation of a solution of y-cyt ¢l
(~15 uM) and Co(C204)33~ (32 uM) in 1.0 M GuHCI (pH 7, 40 °C) monitored at 420,

550, and 400 nm. Compare with Figures 4.14, 4.15.
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Figure 4.17. Transient absorption spectra recorded at ~1 ms (solid line) and 50 ms
(dashed line) after photolysis of Co(C»Q4)33~ in the presence of h-cyt ¢!y in 2.7 M
GuHCI (40.0 °C, pH 7). 1 ms corresponds to immediately after the reduction phase, and

50 ms is near completion of the folding phase.
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Figure 4.18. Folding (+ reoxidation) kinetics of y-cyt cI! in 1.6 M GuHCI (pH 7, 40 °C;
Aobs = 420 nm). The smooth lines are best fits to a distribution function (Equation 4.22)
(A) and a biexponential function (Equation 4.21) (B). Residuals (the difference between
the data and the fit values at each time point) are shown above each trace. The observed

rate at the mean activation free energy obtained from the distributed fit (l?obx =31sl)is

similar to the observed rate constant of the fast phase returned by the biexponential fit

(kops = 37 s71).
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Figure 4.19. Fits of reoxidation kinetics of unfolded y-cyt c!I (Figure 4.15B) using a
single exponential decay (Equation 4.20) (A) or a distributed fit function (Equation 4.22)
(B). Residuals are shown above each trace. The single exponential function clearly does
not adequately represent the kinetics. The value of k,, = 11 s-! obtained from the
distributed fit is identical, within error, to values extracted from raw data at lower

concentrations where folding occurs (see text).
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Figure 4.20. Kinetic profiles of folding/reoxidation of y-cyt cI! in solutions of varying

concentrations of GuHCI (Agps = 420 nm; [GuHCI] = 1.3 to 2.6 M). Traces are scaled to

1 at t = 0 for ease of comparison.
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Figure 4.21. Plot of the folding rates extracted using distributed fits (Ef) as a function of

GuHCI concentration for y-cyt ¢ (inverted triangles) and h-cyt ¢ (diamonds) at 22.5 °C
(open symbols) and 40.0 °C (filled symbols). Note that the y-axis is a log scale; thus
linear fits to the data (solid lines, h-cyt c¢; dashed, y-cyt ¢) indicate a linear relationship

between AGjﬂt and the concentration of GuHCI.
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Figure 4.22. Plot of the folding rates extracted using biexponential fits (k) as a function

of GuHCI concentration for y-cyt ¢ (inverted triangles) and h-cyt ¢ (diamonds) at 22.5 °C.



1

210

00 |

1 1 1 1 1 I 1 1 1 1 l 1 i I 1 1 1 1 I 1 | N 1 I 1 1 1 1 I 1 1 11

0.5 1 1.5 2 2.5 3 3.5 4
[GUHCI] (M)




211

Figure 4.23. Replot of the 22.5 °C data in Figure 4.21 showing the values of sz

extracted from kinetics at each of the three wavelengths monitored: 420 nm (triangles),
400 nm (squares), and 550 nm (diamonds). y-cyt c is designated by open symbols; h-cyt

¢ by filled (gray) symbols.
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Figure 4.24. Plot of Ef vs. AGrfor y-cyt ¢ (inverted triangles) and h-cyt ¢ (diamonds) at

22.5 °C (open symbols) and 40.0 °C (filled symbols). Note that the y-axis is a log scale;
thus linear fits to the data (solid lines, y-cyt ¢; dashed, h-cyt ¢) indicate a linear

relationship between AG#* and AGy.
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Appendix A

Characterization Data for Some Rul.2(X)(im) Complexes
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Figure A.1. Absorption spectra of Ru(phen);(im),2+ (dotted), Ru(4,4’-(CHz),-
bpy)2(im)2%+ (solid), Ru(bpy)2(im),2+ (dashed), Ru(4,4’-(CONH(C2Hs))2-bpy)2(im)22+
(long dash-short dash-long dash), and Ru(phen)(CN)(im)* (solid-dotted) in L = 0.1

sodium phosphate, pH 7.0.
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Figure A.2. Uncorrected emission spectra of Ru(phen);(im),2+ (dotted),
Ru(bpy)(im),2+ (dashed), Ru(4,4’-(CONH(C,Hs)),-bpy)a(im)»2+ (Iong dash-short dash-
long dash), and Ru(phen)2(CN)(im)* (solid-dotted) in 1 = 0.1 sodium phosphate, pH 7.0.
Aex = 436 or 490 nm. The abrupt change in the spectrum of Ru(phen)>(CN)(im)* at

~710 nm is presumably due to a lamp fluctuation.
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Figure A.3. !H NMR spectrum of Ru(4,4’-(CONH(C,H35))2-bpy)2(im);2+ in D,0O.
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Figure A.4. 'H NMR spectrum of Ru(bpy)2(im)22+ in D;0.
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