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ABSTRACT
Christine Fecenko Murphy: Coupled Electron Proton Transfer Reactions in Biological
Redox Active Substrates
(Under the direction of H. Holden Thorp and Thomas J. Meyer)
The kinetics of oxidation of amino acids and nucleobases by the series of metal complex
oxidants, M(bpy)33+ (M = Os, Fe, Ru) in aqueous solution at an ITO electrode, in the
presence of added bases, was investigated utilizing catalytic cyclic voltammetry. A
common mechanism involving initial formation of a hydrogen bond complex between the
substrate and a base in solution was identified for all substrates. After association,
oxidation can occur through two pathways - multiple site electron proton transfer (MSEPT) or proton transfer followed by electron transfer (PT-ET). Kinetic isolation
techniques were used to investigate each oxidation pathway individually, and have
provided kinetic parameters and isotope effects for each step of the reaction mechanism
for all substrates studied. Comparison between rate constants and isotope effects for each
substrate provide insight into the role of proton transfer in biological system. The main
emphasis of this study was to investigate the role of free energy change in MS-EPT
reactions. We have found that the effects of free energy change on MS-EPT rate
constant can be attributed to not only the base strength but also the oxidant reduction
potential. Evaluation of rate constants and isotope effects for each system highlights the
importance of the role of both the electron and the proton in redox active biological
systems.
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Chapter 1
Introduction to Electron Proton Transfer in Biological Redox Active Substrates

1.1 Biological Oxidation: Understanding oxidation and reduction reactions in biologically
relevant systems is important to gain insight into how enzymes and DNA function.Amino
acid oxidation acts as a redox mediator in vital life processes such as photosynethesis and
respiration.1-5 In photosystem II, tyrosine (Yz) aids in electron movement in the production of
atmospheric oxygen in the thylakoid membrane of green plants.5 Oxidation of the amino
acids, tyrosine, tryptophan, and cysteine (Figure 1) is also of central importance to electron
transfer reactions in oxidoreductases, a diverse family of redox active enzymes. Electroactive
amino acids are involved in charge migration over long distances in the protein environment.
Studies on ribonuceotide reductase (RNR), a DNA repair protein, have found that electron
transfer occurs over a distance of ~35Å. EPR studies on RNR, isolate radical formation at
tyrosines, tryptophans, and cysteines found within 10Å of one another in the protein
framework.6
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Figure 1: Structures of electroactive amino acids, tyrosine, tryptophan, and cysteine.

Oxidation of deoxyribonucleic acids (DNA) leads to DNA damage and degredation,
and has been associated with neurodegenerative disorders such as Alzheimer’s and
Parkinson’s disease.7-11 DNA is composed of 4 nucleobases: adenosine, cytosine, guanine,

2

and thiamine (figure 2) that are found in hydrogen bond partners of A-T and G-C in the DNA
phosphate backbone. Guanine acts as a radical trap due its low reduction potential of 1.1V vs
NHE as compared to the other nucleobases and is often the site of oxidative damage. 6,8
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Figure 2: Structures of the DNA nucleobases
Oxidation reactions in biological systems involve the paired movement of protons
and electrons as a method to move charges over long distances. In Photosystem II, the
oxidation of tyrosine Yz is coupled to transfer of its hydroxl proton. At the same time the
electron is transferred from tyrosine to the chromophore P680, the proton is transferred to a
neighboring histidine, H190.5 Oxidation of guanine also occurs through the movement of both
protons and electrons. As the guanine is oxidized, the N1 proton is believed to transfer, but if
the proton is transferred to the cytosine or to bulk solvent is often debated.17-20 Long range
electron transfer, as seen in RNR, where an electron is moved 35Å, is also believed to be
coupled to proton transfer. In the protein framework, tyrosines and cysteines are potential
3

hydrogen bond partners of histidine and aspartate respectively.21,22 As the electron hops from
one electroactive residue to the next, the proton is thought to transfer to a neighboring base.
The coupled movement of protons and electrons is supported by experimental results.
Studies on DNA and electroactive proteins have reported pH dependent oxidations in which
the rate of electron transfer is directly proportional to the pH of solution.23 Proton movement
is also supported by isotope effects reported in the literature for the electroactive amino acids
and the guanine nucleobase. Isotope effects in oxidation reactions, indicate the reaction
proceeds through a rate-determining step involving the transfer of a proton.24 It is commonly
agreed that both electrons and protons are involved in these reaction mechanisms, the
mechanistic details of these reactions remains unclear.1-24
1.2 Proton Coupled Electron Transfer: Proton coupled electron transfer (PCET) describes
any reaction that involves the net movement of protons and electrons.5 Oxidation of tyrosine,
tryptophan, cysteine, and guanine all involve the net movement of electrons and protons, but
the specific reaction mechanism is highly debated.23, 25
Oxidation can occur in one of three ways, electron transfer followed by proton
transfer (ET-PT), proton transfer followed by electron transfer (PT-ET) and concerted
electron proton transfer (EPT).5 Each mechanism will be addressed independently and in
terms of a common reaction, tyrosine Yz in photosystem II, but the general mechanism can
be applied to all four substrates.
Electron Transfer Followed by Proton Transfer (ET-PT): The ET-PT mechanism involves
the step-wise movement of the electron and the proton. In this case, as illustrated in figure 3,
the electron transfer results in the formation of a highly acidic protonated radical. The
reduction potential of the radical cation is 1.34V vs NHE, where as the reduction potential of

4

the P680+ is 0.9V vs NHE making the transfer of an electron a thermodynically unfavorable
reaction. The second step, proton transfer, however, occurs rapidly due to the acidity (-2) of
the protonated radical. The initial electron transfer to the P680 is uphill by +0.08eV due to the
formation of a highly charged intermediate.

Figure 3: Mechanistic outline of ET-PT in PSII
Proton Transfer followed by Electron Transfer (PT-ET): Oxidation of tyrosine can also
occur through another step-wise process involving initial deprotonation to the deprotonated
tyrosyl anion shown in figure 4. The pKa of the hydroxyl proton is 10.1 making initial
deprotonation to the neighboring histidine residue with a pKa of 6.6 unfavorable by +0.36eV.
However, the reduction potential of the anion is 0.7V vs NHE and the reduction of the anion
would occur rapidly upon deprotonation.

5

Figure 4: Mechanistic outline of the PT-ET reaction.
Concerted Electron Proton Transfer (EPT): A third type of oxidation mechanism has been
proposed. As shown in figure 5, the reaction of tyrosine involves the simultaneous transfer
of a proton to His190 and an electron to the P680+. Microscopically more complex then the
step-wise reactions, the concerted mechanism avoids the thermodynamic cost of forming a
charge intermediate. The simultaneous movement of the electron and the proton is actually
thermodynamically favored over the step-wise reactions by 0.1eV.

Figure 5: Mechanistic outline of the EPT reaction.
6

Electron proton transfer occurs through simultaneous transfer of protons and electrons. EPT
results from a redox process that allows for transfer of the electron and proton from different
orbital sites on the same molecule to different acceptor sites on the same molecule.5 Multisite electron proton transfer is a subset of EPT and is defined by transfer of the proton and the
acceptor to different electron and proton acceptor sites.5 The fundamental principles for EPT
have been addressed by Hammes-Schiffer, Cukier, and others where EPT theory is based on
traditional Marcus electron transfer theory.3,5,12,15,16
1.3 Metal Mediated Electrocatalysis on ITO Electrodes: Model systems are routinely
used to investigate specific interactions inside biological species to avoid the added
complications of the cellular environment.12 Models systems have helped elucidate the
fundamental aspects of PCET reactions with regard to the oxidation of tyrosine, cysteine,
tryptophan, and guanine.23-25 Experiments have been designed to study PCET reactions
chemically, photochemically, and electrochemically in solution.6, 18-25 Specifically,
electrochemistry has the advantage because the reaction is controlled by the potential of the
electrode and reaction kinetics can be monitored directly from current over-potentials.15,23
Electrochemical techniques have been used to investigate the oxidation mechanisms
of guanine and DNA and have recently applied this technique to amino acids through the use
of electrocatalytic oxidation26-28. In electrocatalytic oxidation, metal complexes M(bpy)32+
(M=Ru, Fe, Os) are placed in the presence of organic donors and can be studied on indium
tin oxide doped electrodes in aqueous solution in a near neutral pH window.26,27
Electrocatalysis works by forming M(bpy)32+ on a positively biased ITO electrode to form
M(bpy)33+ at the electrode surface. When no electron donor is present, M(bpy)33+ will exist
in solution until a negative bias is applied when the M(bpy)32+ will reform in solution (Figure

7

6a). When an organic donor, such as tyrosine is present in solution and positive potentials
are applied to the electrode, M(bpy)33+ gains an electron from the electron donor to reform
the M(bpy)32+ in solution instead of at the electrode surface. The electrode only detects the
presence of the M(bpy)32+ species, and the cyclic voltammograms show significant
enhancement of the oxidative wave (Figure 6b).
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Figure 6: Cyclic voltammograms of Os(bpy)3 a) alone in phosphate buffered solution and
b) in the presence of tyrosine. When an electron donor is present as in (b), electron transfer
occurs form the tyrosine to the Os(bpy)33+ in solution. The electode only detects the
conversion from Os2+ to Os3+ which results in enhancement of the catalytic oxidative wave.
Kinetic information can be obtained from cyclic voltammetric studies exhibiting
current enhancement of the oxidative wave through digital simulation. Current and potential
information is related through the Butler Volmer equation 29,30 shown in eq 1. Digital
simulation of the oxidative wave results in rate constants consistent with the homogeneous
electron transfer rate constant for the exchange between the M(bpy)33+ and the electron donor
in solution using equation 2, which relates reduction potential to the observed rate constant
(kobs). Digital simulations are compared to experimental data as shown in figure 7.
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Figure 7: Electrocatalytic cyclic voltammograms of M(bpy)33+ in the presence of an organic
donor (solid line) and a digitally simulated cyclic voltammogram (dashed line). Digital
simulations are fit to experimental data to obtain rate constants for the homogeneous electron
transfer between the metal complex

1.4 Electrocatalysis of Amino Acids and Nucleobases: We report here, the application of
this electrochemical technique to the investigation of the oxidation mechanism of the
biologically relevant substrates, tyrosine, tryptophan, cysteine and guanine.
Initial application of this technique to tyrosine resulted in isolation of a new mechanism
for tyrosine oxidation through competitive PT-ET and EPT. The key mechanistic finding
was the formation of an association complex with the basic form of the buffer (HPO42-),
9

before oxidation through either pathway. The pathway of oxidation was determined by
solution conditions with PT-ET dominating at high concentrations of base and low
concentrations of acid and MS-EPT dominating at low concentrations of base and high
concentrations of acid. Rate constants and isotope effects were isolated that supported the
oxidation mechanism. Further studies on the tyrosine system have found that previous
reported pH dependent oxidation occurs through prior association with the basic form of the
buffer (in the limit of pKa= 4.7-8.1 investigated) followed by either deprotonation or electron
proton transfer depending on solution conditions.
The same experimental technique was applied to amino acids, cysteine, and tryptophan
and the nucleobase guanine. Guanine, was studied in several environments, including dGMP,
single stranded (ssDNA), and double stranded (dsDNA). We have found that the EPT
reaction mechanism is a general mechanism for tyrosine, tryptophan, cysteine, and guanine.
We have found that base association and redox activity through competitive pathways of
deprotonation and electron proton transfer are common in biological redox systems, and play
a role in tuning the reduction potentials of these substrates.
The initial technique was applied to an unprecedented number of oxidants, bases, and
reductants and resulted in rate constants and isotope effects that provide insight into the
nature of electron proton transfer in biological systems. The information from this study can
be applied directly to how the movement of electrons and protons can tune oxidation in
proteins and DNA.
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Chapter 2
The Oxidation of Tyrosine through Parallel Rate-Determining Deprotonation and MSEPT
Reproduced with permission from the American Chemical Society
Christine J. Fecenko, Thomas J. Meyer, H. Holden Thorp The Oxidation of Tyrosine
through Parallel Rate-Determining Deprotonation and MS-EPT. Journal of the
American Chemical Society 2006, 128, 11020-11021 © 2006 American Chemical Society

2.1 Abstract:
The oxidation of the amino acid tyrosine and tryptophan by complexes based on M(bpy)33+
(M = Ru, Os) was studied by monitoring the cyclic voltammetry of the metal complex in the
presence of electroactive amino acids. Addition of both amino acids to aqueous solutions of
the metal complexes in phosphate buffer produced electrocatalytic enhancement in the
oxidative wave observed at indium tin oxide electrodes. The kinetics for the oxidation by the
Ru(III) and Os(III) forms was determined by digital simulation. The oxidation kinetics for
tryptophan were consistent with outer-sphere electron transfer, giving an expected
dependence of the oxidation rate constant on the reduction potential of the metal complex. In
contrast, oxidation of tyrosine at pH 7.5 did not give an appreciable dependence on the metal
complex potential. These results were explained by a mechanism involving preassociation of
tyrosine with the base form of the buffer (HPO42-). After association with the base, the
oxidation of tyrosine can occur through three competitive oxidation pathways depending on
solution conditions: electron transfer followed by proton transfer (ET-PT), rate-limiting
proton transfer followed by electron transfer (PT-ET), and concerted electron proton transfer
(EPT).

In the absence of base, the ET-PT pathway dominates and kinetics are slow.

Significant rate enhancement occurs in the presence of base. Kinetic isolate methods through
alteration of acid and base concentrations in solution allow for distinction between the PT-ET
and EPT pathway with the PT-ET pathway dominating at high base concentrations and low
acid concentrations and the EPT pathway dominating at low concentrations of base and high
concentrations of acid. Rate constants and isotope effects have been isolated under limiting
conditions and support the presence of competitive kinetics in phosphate buffered solutions.
These results suggest that tyrosine oxidation in enzymes can access both proton pathways
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(PT-ET and EPT) depending on the solvent accessibility of the oxidized residue and the
availability of a suitable proton acceptor.
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2.2 Introduction:
Oxidation of the tyrosine phenol to its deprotonated, neutral radical is a critical step in
numerous enzymatic processes.1-5 In enzymes, loss of an electron is believed to accompany
proton transfer to an available proton acceptor residue.6 In photosystem II, for example,
oxidation of Yz is thought to occur through a proton coupled electron transfer mechanism
with transfer of a proton to His 190.5, 7 Proton coupled electron transfer (PCET) reactions
involve the net movement of a proton and an electron.7 Knowledge of whether this PCET
occurs via concerted electron proton transfer (EPT) or sequential electron-proton transfers is
of importance in understanding how these reactions occur.2 A concerted EPT avoids buildup of charged species in over the course of the reaction. However, the microscopic demands
of the concerted reaction are greater because of the requirement for moving the proton and
the electron simultaneously. A reaction that proceeds through a step-wise reaction involving
initial deprotonation of the tyrosine would be controlled by the availability of a suitable base
with less demand on the precise nature of the oxidant. Like-wise, a reaction that proceeds
through a step-wise electron transfer followed by proton transfer would be controlled by the
strength of the oxidant and not by the availability of a proton acceptor.
The oxidation of complex organic redox donors, such as guanine, is conveniently
studied via electrocatalysis utilizing metal complexes, such as M(bpy)32+ (M=Ru, Fe, Os),
(bpy = 2,2’-bipyridine) at indium tin oxide (ITO) electrodes in neutral solution. Eo’ values
for M(bpy)33+ oxidants range from 0.85 V(vs NHE) (M = Os) to 1.26 V (M = Ru).10,11 Rate
constants for the homogeneous electron transfer between the organic donor and oxidant can
be analyzed through digital simulation of the cyclic voltammograms.11 Amino acid oxidation
was studied in aqueous solution at ITO electrodes and the influence of added reductant
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(tyrosine and tryptophan), oxidant (M(bpy)33+, and added base on cyclic voltammetric
waveforms was analyzed by digital simulation to yield kinetic parameters for each amino
acid.12. The electrochemical results provide new insights into the intimate details of the
coupling of electron and proton transfer in amino acid oxidation.
2.3 Methods and Materials:
2.3.1 General: Deionized water was purified by passing in-house distilled water through a
MilliQ (18Ω) deionizing system and was used to prepare all aqueous solutions. All buffers
and tyrosine were purchased from Sigma-Aldrich as well. Metal complexes were prepared
previously or purchased from Sigma Aldrich and purified by recrystallization. The purity of
the sample was verified by UV-visible measurements and 1H NMR measurements.
2.3.2 Preparation of buffers: Buffers were prepared as a stock solution of 0.5M buffer and
diluted to the appropriate concentration with MilliQ water. The concentration of buffer
components was calculated based on the Henderson Hasselbach equation. The pKa values
used in the calculations are standard values for each buffer in aqueous solution. The pH was
verified by using a digital pH meter (Fischer Scientific Accumet AB 15 plus) with pH
adjusted by adding HCl or NaOH. Studies with no buffer were prepared by using MilliQ
water alone. The pH of stock solutions was verified by using a digital pH monitor with
adjustments made by adding HCl or NaOH and then diluting to the appropriate base
concentration by using MilliQwater.
2.3.3 Isotope Studies: Deuteriated tyrosine was prepared by dissolving protonated tyrosine in
D2O and deprotonating by adding NaOD. The pD (pH + 0.4) of the solution was decreased
to pD 7.0 by adding DCl (5M in D2O). The d-tyrosine was isolated by a distillation method
that left the d-tyrosine in the bottom of the reaction flask. Proton content was monitored by
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1

H-NMR. Deuteriated buffers were prepared similarly and isolated through distillation. The

deuteriated components were subsequently re-dissolved in D2O and used in the voltammetric
studies.
2.3.4 Sample Preparation. After establishing the rate law dependence on tyrosine and metal
complex concentrations, the tyrosine concentration was held constant at 100µM, and the
concentration of complex at 20µM. Ionic strength was held constant by use of 800 mM
added NaCl throughout the study. The absolute concentration, base to acid ratio, was held
constant in all pH studies, while the actual concentration in solution was varied from 10-500
mM.
2.3.5 Electrochemistry: Electrochemical experiments were performed by using a
BAS100B/W series potentiostat. Electrochemical experiments were performed in a three
electrode cell. The working electrode was indium tin oxide (ITO) coated glass electrode
with a reaction area of 0.32cm2 was purchased from Delta Technologies (Stillwater, MN).
The reference electrode was a teflon coated Ag/AgCl micro-electrode purchased from
Cypress Systems, Inc (Lawrence, KS). The auxiliary electrode was platinum wire purchased
from Sigma Aldrich (St. Louis, MO). The auxiliary electrode was wrapped around the base
of the Teflon on the reference electrode. ITO electrodes were treated before use by
sonication in MilliQ water for 15 minutes, isopropanol for 15 minutes, and two washes with
MilliQ water for 15 minutes each. ITO electrodes were laid flat and allowed to dry
overnight. Experimental volumes were typically 50µL. The potential was swept in a
positive potential direction from 0 to up to1.3V. The ITO electrode was conditioned for 6
consecutive scans in phosphate buffer solution before the first measurement. A final
background scan was taken. A scan of buffer plus metal complex was run next, then finally a
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scan of buffer and 20µM metal complex with 100µM reductant (tyrosine). After a scan of
buffer with oxidant and reductant was taken, the ITO electrode was discarded and a new
electrode was used for the next sample. Cyclic voltammograms (CV) were background
corrected by subtracting buffer alone scans from CV’s of metal and metal + reductant.
2.3.6 Digital Simulation: Digital simulations were performed by using the DigiSim software
package purchased from BioAnalytical Systems (West Layfayette, IN). The diffusion
coefficients used were 6.0x10-6 cm2/s for Ru(bpy)32+/3+, 3.0x10-5cm2/s2 for tyrosine. The
reduction potential of the metal, complex (Eo’ = 0.85 V vs NHE in 0.05M phosphate and
0.8M NaCl at 23±2°C) and the heterogeneous electron transfer rate constant (ks = 0.01cm/s)
were obtained by fitting cyclic voltammograms of the metal complex alone in solution.
The general rate law for the mechanism in Scheme 1 in the text. The observed rate
constant (kobs) is given by equation 1,

⎛
k obs
K A k1k 2
′
= ⎜⎜ K A K A k red +
[TyrOH] ⎝
k −1 H 2 PO −4 + k 2 Os 3+

[

]

[

⎞
⎟⎟ HPO 24− (1)
⎠

][

]

Limiting forms of the rate law allow for kinetic isolation of each base catalyzed pathway.
Under conditions of high acid and low base, the equilibrium that dictates deprotonation is
pushed to the left, and reactivity through the deprotonation pathway is thermodynamically
unfavored. This means the k-1<<<k2 and KA[HPO42-<1 and results in isolation of the MSEPT pathway independently. In this limit the MS-EPT pathway simplifies to eq 2.

[

]

k obs
′
= K A K A k red HPO 24 − (2)
[TyrOH ]
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In the limit where k2<<<k-1[H2PO4-], the rate law simplifies to eq 4 and the PT-ET pathway
dominates reactivity.

k obs
2−
= k 1 [ HPO 4 ] (3)
[TyrOH]
The cyclic voltammetric data were fit to DigiSim by assuming the electrochemical
mechanism in Scheme 1. Oxidation of tyrosine occurs by 1 e- followed by dimerization
consistent with the value of n = 1 used in the fits for the MS-EPT pathway of:
Scheme 1
Os(II) Æ Os(III) + eobs
Os(II) +TyrOH’ox
Os(III) + TyrOH ⎯k⎯→
rate = kobs [TyrOH]
and the electrochemical mechanism expressed in Scheme 2 for the deprotonation pathway.
Scheme 2
Os(II) Æ Os(III) + e- TyrOH Æ TyrO- + H+
HB+ Æ H+ + B (5c)
TyrOH + B Æ TyrO- + HB+
Os(III) + TyrO- Æ Os(II) +TyrOox
rate = kobs [TyrOH]
Limiting conditions were achieved in in the electrocatalytic analysisthrough alteration of acid
(H2PO4-) and base (HPO4-) . For the MS-EPT pathway, with H2PO4-/HPO42- as buffer and
with TyrOH in pseudo first order excess, this was achieved under conditions where the buffer
acid concentration was in a 10:1 excess over the base form. Under these conditions kobs from
the simulations is given by kobs = kredKAKA’[TyrOH] with the product kredKAKA’ obtained
from the slopes of plots of kobs vs. [adduct]. For the PT-ET pathway, isolation was achieved
at a 15:1 excess of HPO42-. Under these conditions, kobs from the simulations is given by
kobs=KAk1. At higher concentrations of TyrOH, > 0.001M, saturation kinetics are observed
allowing separation of KA'kred and KA. At high concentrations of both TyrOH and
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Os(bpy)32+, onset of a second region of saturation kinetics allows for the separation of kred
and KA'.
2.3.7 31P NMR: 31P NMR was used to independently verify the existence of the proposed
association complex between TyrOH and HPO42- in Scheme 1. Solutions containing the
HPO42-/ H2PO4- buffer (1.0x10-4-1.0x10-3M) and tyrosine in pseudo first order excess
(2.0x10-2M) were prepared in D2O. A background 31P NMR spectrum was taken with
phosphate alone in solution and another with added tyrosine. A single 31P chemical shift was
observed whose chemical shift was concentration dependence consistent with the rapid
exchange limit. Spectra were recorded and an small increase in chemical shift observed for
solutions of increasing tyrosine concentration with measurements made up to a 1:1 ratio of
tyrosine to dibasic phosphate. The association constant was calculated based on literature
sources outlining the calculation of association constants from NMR data (Equation 4).
1
1
1
1
(4)
=
•
+
2−
Δδ obs K A (δ complex − δ TyrOH [HPO 4 ] δ complex − δ TyrOH

2.3.8 Mixing studies: Os(bpy)33+ in water was prepared by bubbling Cl2 gas through the
solution. The solution changed from dark green to red. Chlorine gas was bubbled through
the reaction vessel to maintain Os(bpy)33+ and avoid re-reduction to Os(bpy)32+, before use in
UV/visible experiments, the reaction cell is purged with argon gas to ensure removal of
excess Cl2. Os(bpy)33+ decomposition was monitored by UV/visible analysis and was not
found to be on the time scale of the experiment under all solution conditions. The reaction
was monitored by UV/vis measurements and disappearance of the absorption at λmax = 490
nm for Os(bpy)32+. Once oxidation was complete, the solutions containing Os(bpy)33+ were
used as a stock solution. The initial concentration of complex was determined by UV/vis
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measurements and the known molar extinction coefficient at 490 nm (ε=12,400M-1cm-1).
Excess chlorine gas was removed from solution through purging the solution with argon gas.
In the absence of added bases, oxidation of TyrOH by Os(bpy)33+ is too slow for
electrochemical monitoring. Under these conditions rate constants and rate laws for TyrOH
oxidation were monitoring spectrophotometrically following conventional mixing by using
pseudo first order conditions in TyrOH as in the electrochemical experiments. Solutions of
1.0x10-3M-10-4M TyrOH were mixed with varying amounts of Os(bpy)33+ (1.0x10-5M1.0x10-4M) and the time of conversion from Os(III) to Os(II) monitored
spectrophotometrically at 490 nm. Kinetic parameters were determined through using
Equation 5. Values of kET’ = kETKA were obtained from the slopes of plots of kobs vs
[TyrOH].

⎡ (Abs∞ − Abst ) ⎤
Ln ⎢
⎥ = k obs t (5)
−
(Abs
Abs
)
∞
0 ⎦
⎣
2.4 Results and Discussion:

2.4.1 Electrocatalysis Studies in Phosphate: The addition of tyrosine and tryptophan to
aqueous solutions of the M(bpy)32+ complexes Os(bpy)32+, Fe(bpy)32+, Ru(4,4’-dimethylbpy)32+, Ru(bpy)2(4,4’-dimethyl-bpy)2+, and Ru(bpy)32+ resulted in enhancement of the
oxidative wave. For tryptophan, the dependence of k on the redox potential of the metal
complex oxidant over the range 0.83 to 1.25 V (vs. NHE) displayed a predicted Marcus
dependence with RTlnkobs increasing with Eo’ with a slope of 0.42 (Figure 1), consistent with
outer-sphere, one-electron oxidation.13, 14 By contrast, oxidation of tyrosine at pH 7.5
proceeded with no detectable dependence on the redox potential of the oxidant (Figure 1),
suggesting that electron transfer was not involved in the rate-determining step. Further,
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increases in the phosphate buffer concentration increased the catalytic current (Figure 2) up
to 50 mM with limiting currents observed at phosphate concentrations around 80 mM.

Figure 1: Plot of RTLn(kobs) vs midpoint potential of the oxidant at pH 6.0 (open circles) and
pH 7.5 (closed circles) at 23±2°C in 0.8M NaCl. At pH 7.5, as the oxidant potential
increased, there was no effect on the rate of reaction as indicated by a minimal slope of
0.025. At pH 6.0, the slope of the line equals 0.25, and the increase in slope indicates the
metal complex is playing a role in reaction rate.
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Figure 2: Cyclic voltammograms of Os(bpy)32+ (0.02mM) in the presence of 0.1mM tyrosine
and increasing concentrations of phosphate buffer (10-50mM) at pH 7.5 at 23±2°C in 0.8
NaCl
2.4.2 Kinetic Studies on Tyrosine: The reaction of tyrosine with Os(bpy)32+ was investigated
over a wide range of tyrosine and complex concentrations and buffer ratios. The results of
this study revealed the rate law in eq 6a in which [TyrOH]T is the total concentration of
tyrosine. This rate law is consistent with the mechanism in Scheme 1 with the observed rate
described by eq 6b. In Scheme 3 oxidation of a hydrogen-bonded tyrosine intermediate
occurs by parallel pathways, one involving EPT (KA’kred) and the other, initial deprotonation
(k1, k2). Rate and equilibrium constants for the two bases are listed in Table 1.
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Scheme 3

[

]

[

][

k1k 2
d Os2+ ⎡ K A [TyrOH]T HPO24− ⎤ 3+ ⎛ ′
=⎢
Os ⎜⎜ K A k red +
⎥
−
k −1 H 2 PO4− + k 2 Os3+
dt
⎣ 1 + K A H 2 PO
⎦
⎝

[

[

]

]

]

[

[

]

[

]

⎞
⎟⎟ (6a)
⎠

]

d Os 2 +
= k obs [TyrOH ] Os 3+
dt
(6b)

Base

pKA

HPO42-

7.2

KA
(M-1)
30.0±0.1

k1
(s-1)
3.3±0.1x105

k-1
(M-1s-1)
7.8±0.4x109

k2
(M-1s-1)
1.7±0.3x107

KA’
(M-2)
22.2±0.1

kred
(s-1)
9.6±0.5x104

Table 1: Table of rate and equilibrium constants in phosphate buffer with 0.8M NaCl at
23±2°C
The rate law in eq 6 was verified through several observations. Saturation kinetics
were observed at concentrations of base greater than 50mM indicating the formation of the
association complex with HPO42-. In the limit with k-1<<k2, and the term k1 dominates, the
oxidative current is zero order in metal complex (Figure 3). (3) In the limit where k-1 >>k2,
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KA'kred dominates the rate law, and the dependence of the rate constant (kobs) on the reduction
potential (Eo') reappears. This observation is reflected in plots of RTLn(kobs) vs Eo' shows an
increasing trend with a slope of m=0.25 (Figure 4). When the reaction with added HPO42was performed in D2O a quadratic dependence on the mole fraction of D2O was found
indicating the involvement of 2 protons in the reaction. Under these kinetic limits, H2O/D2O
isotope effects of 1.7±0.1 and 1.0±0.1 for KA and KA’ were observed and 2.1±0.6 and
1.2±0.4 for kred and k1 summarized in table 2. Bulk electrolysis in HPO42-/H2PO4- occurs with
n = 1 consistent with radical coupling following one-electron oxidation. The catalytic effect
of added base is considerable and studies in the absence of buffer were too slow to study on
the electrochemical time scale. Oxidation of TyrOH by Os(bpy)32+ followed by
spectrophotometric monitoring in 0.8 M NaCl at room temperature (pH = 7) occurs with k ~
1.7x102 M-1s-1, which is slower by ~ 104 than KAKA'kred in Scheme 1 with added HPO42- at
neutral pH.
Base
pKA
EIE KA
KIE k1
KIE kred
27.2
1.7±0.4
1.2±0.4
2.1±0.6
HPO4
Table 2: Table of kinetic and equilibrium isotope effects in deuterated phosphate buffer with
0.8M NaCl at 23±2°C.
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Figure 3: Cyclic voltammograms of 20μM (solid) and 40μM Os(bpy)32+ in the presence of
0.1mM tyrosine in 50mM phosphate buffer (pH 8.5, [HPO42-/H2PO4-] = 15/1) at 23±2°C in
0.8M NaCl

Figure 4: Plot of RTLn(kobs) vs reduction potential (Eo') of the oxidant at pH 6.0 (open
circles) and pH 7.5 (closed circles) at 23±2°C in 0.8M NaCl. At pH 7.5, as the oxidant
potential increased, there was no effect on the rate of reaction as indicated by a minimal
slope of 0.025. At pH 6.0, the slope of the line equals 0.25, and the increase in slope
indicates the metal complex is playing a role in reaction rate.
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These results demonstrate that catalyzed oxidation of tyrosine in water occurs at a
significant rate following association with the base form of the H2PO4-/HPO42- buffer,
presumably forming H-bonded association complexes. Once formed, the association
complexes can react either via concerted loss of electrons and protons (EPT), kred, or by ratelimiting proton transfer followed by electron transfer (PT-ET) oxidation of the phenoxide
anion, Scheme 1.
2.5 Conclusions:

In the EPT pathway, electron and proton transfers occur to separate acceptors,
(Os(bpy)33+ and HPO42- in Scheme 1), and the reaction can be described as occurring by
Multi Site-Electron Proton Transfer (MS-EPT).5 It is important as a possible model for the
tyrosine-histidine pair in photosystem II.5, 7,15
Recent results on the oxidation of hydrogen-bonded phenols in acetonitrile also support a
concerted reaction16 as do voltammetric results on hydrogen bonded phenols in nonpolar
solvent.17 By contrast, in closely related studies, intramolecular oxidation of a phenol linked
to a Ru(bpy)32+ derivative has been found to respond to changes in the external pH at low
concentrations of added buffer.18, 19 Recent results, however, by Hammarstrom, HammesSchiffer and others have resulted in a rate law consistent with MS-EPT through a base
acceptor in solution at high concentrations of buffer.19
Recent work on tryptophan supports an outersphere mechanism in phosphate buffer
solution due to the high pKa of tryptophan (pKa =16.4).

The free energy of EPT is

thermodynically unfavorable under the solution conditions described here-in due to the lack
of a proton acceptor with a high enough pKa to accept a proton from the imidozole group on
the tryptophan.20
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The observation of competing pathways suggests that enzymes may have the ability to tune
kinetic pathways based on solvent accessibility of the oxidized tyrosine.12 Such tunability
may be critical in regulating enzyme kinetics and in allowing enzyme mechanisms to respond
to proton gradients.
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Chapter 3
Coupled Electron-Proton Transfer Pathways in Tyrosine Oxidation
Reproduced with permission of the American Chemical Society
Christine F. Murphy, H. Holden Thorp, Thomas J. Meyer Coupled Electron-Proton
Transfer Pathways in Tyrosine Oxidation J. Am. Chem. Soc. 2009, submitted. © American
Chemical Society 2009

3.1 Abstract
Catalytic enhancements occur in cyclic voltammograms for the oxidative waves for,
[M(bpy)3]2+ Æ [M(bpy)3]3+ (bpy is 2,2’-bipyridine; M = Fe, Ru, Os), in the presence of
tyrosine with added aqueous buffers at ITO electrodes. Analysis of these data over a wide
range of tyrosine, metal complex, and buffer concentrations and buffer ratios reveal a
complex catalytic mechanism involving prior association between the base form of the buffer
(B) and tyrosine, TyrOH---B. Complex formation is followed by: 1) Initial loss of a proton to
give TyrO- followed by its oxidation by electron transfer (PT-ET); 2) Further association with
oxidant [M(bpy)3]3+ followed by simultaneous transfer of a proton to the base and electron to
the oxidant in a Multiple Site-Electron Proton Transfer (MS-EPT) step. All of the rate and
equilibrium constants in this mechanism have been resolved for the series of oxidants and a
family of buffer bases ranging from from acetic acid (pKa = 4.7) to Tris (pKa = 8.1). The
kinetics of oxidation of both tyrosine and tyrosyl anion by [M(bpy)3]3+ in the absence of
buffer have also been investigated.
The results of these studies reveal the existence of multiple competing pathways for
tyrosine oxidation: electron transfer followed by proton transfer (ET-PT); proton transfer
followed by electron transfer (PT-ET), concerted electron-proton transfer (EPT) with an
added base or OH- as proton acceptor. Depending on reaction conditions all of these
pathways can be competitive.
Because of the high reduction potential for the tyrosine radical cation, TyrOH+., mechanisms
involving initial oxidation in the absence of an EPT base are inhibited and addition of added
bases leads to a strong catalytic effect. As shown by H/D kinetic isotope effect and ΔG
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dependences, at the microscopic level EPT is dominated by the quantum nature of the
coupled proton transfer.
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3.2 Introduction
Tyrosine oxidation is a critical pathway in many enzymatic reactions . and been
studied extensively in model reactions.1-16 In some reactions it has been suggested that loss
of an electron from tyrosine is accompanied by proton transfer to a neighboring base by
coupled or concerted electron-proton transfer (EPT).3-21 This is the suggested pathway, for
example, in Photosystem II with oxidation of Tyr161 by oxidized chlorophyll P680+ thought
to be accompanied by proton transfer to His190. In this Multiple Site-Electron Proton
Transfer (MS-EPT) pathway an electron is transferred to P680+ in concert with proton transfer
to His190 (Eq 1).

(1)

Although EPT pathways are mechanistically more complex than either electron
transfer or proton transfer, they offer the advantage of avoiding high-energy intermediates in
the prevailing medium. For example, ΔGo’~ –0.36eV eV for EPT in eq 1 as opposed to ΔGo’
~ +0.08 eV for initial electron transfer. The overall free energy change of the reaction is
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recovered in the proton transfer step following electron transfer with ΔGo’(25 ºC in eV) = 0.059(pH -pKa(TyrOH+.) with pKa(TyrOH+.) = -2.22
There is growing recognition of the importance of EPT pathways in both chemistry
and biology and current interest in identifying the full scope of this reactivity and the factors
at the microscopic level that dictate reaction rates and barriers. Theoretical insight is
available largely from the work of Cukier and Hammes-Schiffer and their coworkers.4,6,17,19
There are controversies. One is the origin of pH dependences in Proton Coupled Electron
Transfer (PCET) reactions with added buffers and whether it arises from the pH dependence
of the driving force for electron transfer5,7,8,10 or from coupled proton transfer to the basic
form of the buffer.15,16,23-25
We investigated tyrosine oxidation by metal complex oxidants M(bpy)33+ (M = Fe,
Ru, Os) with added phosphate buffers (H2PO4-/ HPO42-) by a catalytic cyclic voltammetric
technique and established the mechanism in Scheme 1.15 In this mechanism prior association
with the basic form of the buffer is followed by competitive pathways for tyrosine oxidation
involving proton transfer followed by electron transfer (PT-ET) or Multiple Site-Electron
Proton Transfer (MS-EPT) in which electron transfer occurs to the oxidant and proton
transfer to the base.
In this and the following paper we document a detailed study of tyrosine oxidation
with a family of added buffer bases by application of the electrochemical approach. We
present experimental evidence that Scheme 1 is a common mechanism for tyrosine oxidation
by a series of metal complex oxidants and variety of bases. We also discuss implications and
microscopic insights gained from an extensive and unprecedented data set for MS-EPT over
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an extensive range of ΔG values including experimental evidence for a quantum effect in the
O-H transfer.
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Scheme 1

3.3 Methods and Materials:
3.3.1 General: All chemicals were purchased from Sigma Aldrich (St. Louis, MO) and used
without further modification. Solutions for kinetic studies were prepared by using MilliQ
water. Buffers (acetate, succinate, histidine, phosphate, and tris) were purchased from Sigma
Aldrich. Buffers were prepared as stock solutions at a concentration of 0.5M and were
brought to the appropriate pH by adding appropriate amounts of stock NaOH or HCl
solutions. Ionic strength was maintained with added 0.8M NaCl as supporting electrolyte.
Background voltammetric scans were limited to potentials where there was no contribution
from the NaCl electrolyte.
3.3.2 Isotope Studies: Deuterated solutions were prepared using deuterium oxide (99 % D)
purchased from Sigma Aldrich (St. Louis, MO). Tyrosine and buffer compounds were
dissolved in D2O and protons were removed by the addition of NaOD (99% D Sigma
Aldrich). Solutions were then redeuterated with the addition of DCl (99% D Sigma Aldrich).
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After pD equilibration, deuterium oxide was removed by distillation leaving deuterated
solid. Deuterium content was confirmed by NMR. Deuterated solutions were then
redissolved in fresh D2O and pD (pH + 0.4) of buffered solutions were adjusted to the
appropriate pD using NaOD and DCl. The ionic strength was maintained with added 0.8M
NaCl as supporting electrolyte. As with protonated solution studies the voltammetric range
was limited to potentials where there was little contribution of NaCl.
3.3.3 Electrochemistry: Electrochemical experiments were performed by using a
BAS100B/W series potentiostat in a three electrode cell described previously.26 The working
electrode was indium tin oxide coated glass (ITO) with a reaction area of 0.32 cm2 purchased
from Delta Technologies (Stillwater, MN). The reference electrode was a teflon coated
Ag/AgCl microelectrode purchased from Cypress Systems, Inc (Lawrence, KS). The
auxiliary electrode was platinum wire, purchased from Sigma Aldrich (St. Louis, MO),
wrapped around the teflon base of the reference electrode. ITO electrodes were treated
before use by soniccation in MilliQ water, then isopropanol each for 15 minutes, followed by
two washes with MilliQ water for 15 minutes each. ITO electrodes were laid flat and
allowed to dry overnight. Each electrochemical experiment was performed on a solution
volume of 50 µL. To collect a cyclic voltammogram (CV), the potential was swept in a
positive potential direction from 0-1.3 V. The ITO electrode was conditioned for 6
consecutive scans in phosphate buffer solution before the first measurement. A final
background CV was collected. A CV of buffer with added metal complex was then scanned
and, finally, a scan of buffer and 20 µM metal complex with 100 µM tyrosine. After a scan
of buffer with oxidant and reductant was taken, the ITO electrode was discarded and a new
electrode was used for the next sample. CV’s were background corrected by subtracting
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buffer scans from CV’s of metal complex and metal complex with tyrosine. Cyclic
voltammetric measurements were conducted for the series of buffer bases with added buffer
in aqueous 0.8 M NaCl solutions at 23±2°C.
3.3.4 Rate Law: A rate law for the mechanism in Scheme 1, but generalized to any acceptor
base B (B = HPO42- in Scheme 1), is shown in eq 2a. Cyclic voltammograms consistent with
this mechanism were simulated digitally by the electrochemical mechanism in Scheme 2.
The quantity kobs, derived from the simulations, was obtained over a variety of conditions in
added complex, tyrosine, buffer ratio, and buffer concentrations.
The quantities in eq 2a not defined in Scheme 1 are +HB and B for buffer acid and
base and [TyrOH]T for total tyrosine concentration both free and in the TyrOH---B
association complex, TyOH---OPO2OH2- in Scheme 1 and M3+ for M(bpy)33+. Under pseudofirst order conditions in both TyrOH and buffer base the rate law becomes eq 2b with kobs
given by eq 3. Eq 3 is applicable over a wide range of concentrations of buffer, buffer base,
complex and tyrosine but is not the general rate law, see below. It does not include direct
oxidation of TyrOH and its anion, TyrO-. Also, at relatively high concentrations of complex,
buffer base and tyrosine, evidence is found for an additional saturation kinetics.

k1k 2
d[M 3+ ] ⎡ K A [TyrOHT [B]⎤⎛
′
−
=⎢
⎥⎜⎜ k red K A +
+
dt
k −1 [ HB] + k 2 M 3+
⎣ 1 + K A [B] ⎦⎝

⎞
⎟ M 3+
⎟
⎠
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⎟⎟ ⎢
⎥ (3)
⎠ ⎣1 + K A [B]⎦

Scheme 2
ks

Os 2+ ↔ Os 3+ + e Ka

HB + ↔ H + +B
KA

TyrOH + B ↔ TyrOH - B
TyrOH - B + Os
•

3+

K A ′k red

→ TyrO • - HB + + Os 2+

+

K A″

TyrO − HB ↔ TyrO • + HB +
k1

TyrOH - B ↔ TyrO - + HB +
k -1

k2

TyrO - + Os 3+ → TyrO • + Os 2+
2TyrO • → (TyrO) 2 (rapid)

Limiting conditions were used to simplify the mechanism in Scheme 1 by kinetically
isolating either the MS-EPT or PT-ET pathways.
At high buffer ratios, [+HB ]/[B] > 10, the MS-EPT pathway dominates and eq 3

becomes eq 4a or, if KA[B] < 1, eq 4b.

k obs
′ ⎡ K A [B] ⎤
= ⎛⎜ k red K A ⎞⎟ ⎢
⎠ ⎣1 + K A [B]⎥⎦
[TyrOH] T ⎝

(4a)

k obs
′
= k red K A K A [ B] (4b)
[TyrOH ]

Under these conditions the electrochemical mechanism simplifies to Scheme 3.
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Scheme 3
ks

Os 2 + ↔ Os 3+ + e Ka

HB + ↔ H + +B
KA

TyrOH + B ↔ TyrOH - B
K A ′k red

TyrOH - B + Os 3+ → TyrO • - HB + + Os 2 +
K A″

TyrO • − HB + ↔ TyrO • + HB +
2TyrO • → (TyrO) 2 (rapid)

At relatively high concentrations of [TyOH] and [B] the TyOH---B adduct, TyOH--OPO2OH2- in Scheme 1, dominates with [TyOH]T ~ [TyOH---B]. Under these conditions the
rate law in eq 2b becomes eq 4a. As noted below, at high concentrations of complex, TyrOH,
and buffer base there is evidence for additional saturation kinetics arising from association
complex formation between TyOH---B and M(bpy)33+ with EPT occurring within the
k red
complex, M(bpy)33+, TyOH---B ⎯⎯
→ M(bpy)32+, TyO.--- +H-B. Under these conditions

with TyOH---B in high, pseudo first order excess, the rate law becomes eq 6a with kobs given
by eq 6b.
−
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[

]

]

(5)

]

k red K 'A [TyrOH L B] M 3+
d M 3+
3+
−
= k red [ M , TyrOH L B] =
=
dt
1 + K 'A [TyrOH L B]

[

]

k red K 'A [TyrOH ] T M 3+
= k obs M 3+
'
1 + K A [TyrOH ] T

[

]
(6a)

k obs =

k red K 'A [TyrOH ] T
1 + K 'A [TyrOH ] T

42

(6b)

At low buffer ratios, [+HB ]/[B] < 10, the PT-ET pathway dominates and the rate law

in in eq 2 becomes eq 7a or, in solutions dilute in B with KA[B] < 1 and [TyOH]T ~ [TyrOH]
and tyrosine in pseudo first order excess, eq 7b.

[ ]
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⎥⎜⎜
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At high buffer concentrations with k2[M3+] << k-1[+HB ], the rate law further simplifies to eq
8a and with KA[B] < 1 and [TyOH]T ~ [TyrOH], eq 7b with kobs given in eqs 9a and 9b.
−
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= ⎜⎜
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The electrochemical mechanism in this limit is shown in Scheme 4.
Scheme 4
ks

Os 2+ ↔ Os 3+ + e −
Ka

HB + ↔ H + + B
KA

TyrOH + B ↔ TyrOH − B
k1

TyrOH − B ↔ TyrO − + HB

+

k −1

k2

TyrO − + Os 3+ → TyrO • + Os 3+
2TyrO • → TyrO • 2
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(8a)

At low buffer concentrations in the limit k2[M3+] >> k-1[+HB ], the rate law in eq 7a
becomes independent of [M(bpy)33+] giving eq 10a or with KA[B] < 1 and [TyOH]T ~
[TyrOH], eq 9b and the corresponding expressions for kobs in eq 11a and 11b.
d[M 3+ ] ⎡ K A [TyrOH]T [B]⎤⎛ k 1k 2 ⎞
⎟⎟ = k obs [TyrOH]T
−
=⎢
⎥⎜⎜
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]
dt
1
+
K
B
k
A
⎣
⎦⎝ 2 ⎠
−

d[M 3+ ] ⎛ k 1 k 2 K A
= ⎜⎜
dt
⎝ k2

⎞
⎟⎟[TyrOH][B] = k obs [TyrOH][B]
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⎡ K A [B] ⎤
k obs = k 1 ⎢
⎥
⎣1 + K A [B]⎦

(10a)

(10b)

(11a)

k obs = k 1 K A [B]
(11b)
3.3.5 Digital Simulation. Digital simulations were performed by using the DigiSim software
package purchased from BioAnalytical Systems (West Layfayette, IN). The DigiSim
software uses the Butler-Volmer equation 12 to relate current-time data as a function of
applied potential to evaluate homogeneous rate constants for oxidation of tyrosine by
MIII(bpy)33+.30

⎛
⎛ (1 − α)Fη ⎞
⎛ − αFη ⎞ ⎞
i = i o ⎜⎜ exp⎜
⎟ − exp⎜
⎟ ⎟⎟ (12)
⎝ RT ⎠
⎝ RT ⎠ ⎠
⎝
Literature values- for the diffusion coefficients of 6.0x10-6 cm2/s for Os(bpy)33+/2+ and
3.0x10-5cm2/s2 for tyrosine were used in the simulations.27-29 The reduction potential of the
metal complex (Eo’ = 0.85 V vs NHE in 0.05 M phosphate and 0.8 M NaCl at 23±2°C) and
heterogeneous electron transfer rate constants (ks = 0.01 cm/s) were obtained by fitting
cyclic voltammograms of the metal complex alone.
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A simple electron transfer mechanism was used in saturation studies and is illustrated
in scheme 5. In this mechanism kobs is the rate constant for the overall reaction.
Scheme 5
ks

Os 2+ → Os 3+ + e −
k obs

Os 3+ + TyrOH → Os 2+ + TyrOH ox

3.3.6 KA by

31

P NMR: 31P NMR was used to obtain KA independently for complex formation

between TyrOH and HPO42-, Scheme 1. Solutions containing the H2PO4-/HPO42- buffer
(1.0x10-4-1.0x10-3M) and tyrosine (2.0x10-2M) were prepared in D2O. A background 31P
NMR spectrum was recorded with phosphate alone in solution and another with added
tyroisne. A single 31P chemical shift was observed whose chemical shift was concentration
dependence consistent with the rapid exchange limit. Spectra were recorded and a small
increase in chemical shift was observed as tyrosine concentration was increased with
measurements made up to a 1:1 ratio of tyrosine to HPO42. The association constant was
calculated by using eq 13.32
⎛
⎞
1
1
1
1
⎟
(13)
=⎜
+
2−
⎜
⎟
Δδ obs ⎝ K A (δ complex − δ TyrOH ) ⎠ [ HPO 4 ] δ complex − δ TyrOH

3.3.7 Electron Transfer Oxidation of Tyrosine and Tyrosine Anion. The outer sphere
oxidation mechanism of the tyrosyl radical cation was investigated electrochemically in
acidic sodium chloride solution at pH 3.0 using M(bpy)33+ oxidants with a reduction potential
range of 1.06V-1.25V vs NHE. Under these conditions, M(bpy)33+ oxidants (Fe and Ru)
varied over a potential range of 1.06V-1.25V vs NHE, and the catalytic oxidative current was
analyzed. The rate law for the reaction is given in Eq 14 The kinetics of the reaction were
extremely slow, and catalysis was not visualized for oxidants below 0.85V vs NHE. In the
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electrochemical studies, 1.0x10-4M TyrOH was reacted with 2.0x10-5M M(bpy)33+ in acidic
aqueous solution at pH 3.0 in 0.8M NaCl at 25±2ºC. Cyclic voltammograms were analyzed
using digital simulation of the mechanism reported in Scheme 6 for a one electron outer
sphere oxidation, followed by rapid proton equilibration and radical coupling. The rate
constant, ko, is the outer sphere rate constant for the formation of the tyrosyl radical cation.
−

d[M 3+ ]
= k o [TyrOH][M 3+ ] (14)
dt
Scheme 6
ks

M 2 + ↔ M 3+ + e −
k0

M 3+ + TyrOH → M 2+ + TyrOH + / •
TyrOH + / • → TyrO • + H +
2TyrO • → TyrO • 2
Oxidation of TyrOH by Os(bpy)33+ was investigated in acidic solution pH 3.0 through
spectrophotometric monitoring using pseudofirst order kinetics consistent with Eq. Solution
conditions were as follows: 1.0x10-3- 5.0x10-4M TyrOH and 2.0x10-5M Os(bpy)33+ in 0.8M
NaCl at 23±2ºC. The rate constant kobs was determined for a variety of TyrOH
concentrations and ko is reported from kobs/[TyrOH].

⎡ Abs ∞ − Abs t ⎤
Ln ⎢
⎥ = k obs dt (15a)
Abs
Abs
−
∞
o ⎦
⎣
k obs
= k o (15b)
[TyrOH]
Reactivity of the anion was investigated in an aqueous NaOH solution with 0.8M
NaCl at 23±2ºC. A stock solution of 1.0mM of tyrosine was brought up to pH 12 where the
phenolic proton should be completely removed. The rate law for the oxidation of tyrosyl
anion is reported in Eq 16. Cyclic voltammetric studies were completed in NaOH solution
using 0.8M NaCl supporting electrolyte at 23±2ºC investigating the catalytic current over a
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potential range of 0.85-1.25V vs NHE. The cyclic voltammograms were analyzed through
digital simulation and fit to the mechanism reported in Scheme 7. The rate constant, kET, is
the outer sphere rate constant for reaction of the tyrosyl anion with the metal complex.
−

d[M 3+ ]
= k ET [TyrO − ][M 3+ ] (16)
dt
Scheme 7
ks

M 2 + ↔ M 3+ + e −
k ET

M 3+ + TyrO − → M 2+ + TyrO •
2TyrO • → TyrO • 2

3.4 Results

3.4.1 Oxidation of Tyrosine and Tyrosine Anion by M(bpy)33+/. Oxidation of tyrosine by
M(bpy)33+ is first order in both. The reaction of Os(bpy)33+ was monitored
spectrophotometrically under pseudo first order conditions in tyrosine by following the
reappearance of M(bpy)32+ at its MLCT absorption maximum in the visible, 490 nm for
Os(bpy)33+. The reaction was too slow to be monitored by the catalytic cyclic voltammetric
technique.
The absorbance over time scans for the appearance of Os(bpy)32+ was consistent with
the outersphere rate constant ko of 1.7x102M-1s-1.
The driving force investigation was consistent with the rate law, -d[M(bpy)33+]/dt =
ko,TyrOH [M(bpy)33+][TyrOH] for M(bpy)33+ oxidants (Fe, Ru). The rate constant ko was
obtained by digital simulation of cyclic voltammograms of 1.0x10-4M TyrOH with 2.0x105

M M(bpy)33+ in pH 3.0 acidic solution in 0.8M NaCl at 23±2°C. The driving force

investigation over the Eo potential range of 1.06-1.25V resulted in a slope of 0.5 predicted for
a single electron outer sphere transfer. Rate constants and Eo’(M(bpy)33+/2+) values for the
metal complex couples are listed in Table 1.
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E0

ko

V vs NHE

M-1s-1

Ru(bpy)33+

1.25

3.0x105

Ru(bpy)(dmb)23+

1.11

-

Ru(dmb)33+

1.06

1.8x104

Fe(bpy)33+

1.04

9.7x103

Os(bpy)33+

0.85

1.6x102

Oxidant

Table 1: Rate constants and Eo values for metal complex couples in acid solution pH 3.0
NaCl. The rate constant for Os(bpy)33+ was determined spectrochemically at pH 3.0 in NaCl
at 23±2°C
The rate constant for tyrosine anion oxidation by M(bpy)33+, eq 17, was obtained in
the cyclic voltammetry measurements, see below. The anion was prepared by deprotonating
a 1.0x10-3M stock solution of TyrOH at pH 12. Cyclic voltammograms of 1.0x10-4M TyrOwith 2.0x10-5M M(bpy)33+ in NaOH solution with 0.8M NaCl at 23±2°C were digitally
simulated using the mechanism reported in scheme 5. The rate constant isolated for TyrOwith Os(bpy)33+ was determined to be 1.7±0.5x107M-1s-1.

k

ET ,TyrO
⎯
⎯→ M(bpy)3+ +
Os(bpy)33+ + -OOCCH(CH2C6H5O-)NH2 ⎯⎯

-

−

OOCCH(CH2C6H5O.)NH2

(17)

3.4.2 Determination of Rate Law. HPO42- as the EPT Base. ITO electrodes were used in the
catalytic cyclic voltammetry measurements of oxidation of tyrosine by M(bpy)33+. As noted
elsewhere, direct electrochemical oxidation of amino acids and guanine derivatives at these
electrodes is greatly inhibited.28,29,31 Experiments currently in progress show that direct
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oxidation at glassy carbon electrodes does occur with added buffers and these results will be
reported elsewhere.33
Cyclic voltammograms illustrating the catalytic effect on Os(bpy)33+ oxidation of
tyrosine by added H2PO4-/HPO42- buffer in 0.8M NaCl at 23±2°C are illustrated in Figure 1.
Application of the Three examples are shown: a) 1.0x10-4 M TyrOH with 2.0x10-5 M
Os(bpy)33+, b) with 0.05 H2PO4-/HPO42- M buffer at pH 6.0, [H2PO4-]/[HPO42-] = 15:1, under
conditions where the MS-EPT pathway dominates, eq 9 in Scheme 1 (red), and c) with 0.05
M buffer at pH 8.5, [H2PO4-]/[HPO42- ] = 1/15, under conditions where the PT-ET pathway
dominates, eq 10 (blue).

Figure 1. A) Cyclic voltammogram of Os(bpy)33+ alone (2.0x10-5M, red) and in the presence
of TyrOH (blue) in 0.8 M NaCl. A digital simulation of the voltammogram is shown as the
dashed line fit to eq 12 with Eo’ = 0.85V, ks=0.01cm A=0.32cm2 B) As in A) with 0.05M
phosphate buffer at pH 6.0, [H2PO4-]/[HPO42- ]= 15/1under conditions where the MS-EPT
mechanism in Scheme 1 dominates. The dashed line is a digital simulation of the waveform
to the mechanism in Scheme 3 with KA=30.0M-1, KAkred=9.6x104. C) As in B) with 0.05 M
buffer at pH 8.5, [H2PO4-]/[HPO42- ] = 15/1, under conditions where the PT-ET mechanism in
Scheme 1 dominates. The dashed line is a digital simulation of the waveform to Scheme 4
with the parameters KA=30.0M-1, k1=3.3x105s-1, k2=1.0x107M-1s-1
Cyclic voltammetric waveforms were simulated digitally by use of Digisim and the
Butler-Volmer relation in eq 12 and applied to the general electrochemical mechanism in
Scheme 2 or the limiting mechanisms in Schemes 3 and 4. Diffusion coefficients of 6.0x10-6
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cm2/s for Os(bpy)33+/2+ and 3.0x10-5cm2/s2 for tyrosine were used in the simulations with n =
1 confirmed by bulk oxidation in pH 7.0 phosphate buffered solution.33 Comparisons
between digitally simulated and actual voltammograms are shown in Figure 1 under limiting
conditions where the MS-EPT pathway in Scheme 1 dominates and where the PT-ET
pathway dominates.

The simulations were used to obtain kobs at a variety of concentrations of metal
complex oxidant, tyrosine, buffer, and buffer ratios. Kinetic isolation of the pathways in
Scheme 1 was used to establish the rate law in eq 3 with the example of HPO42- as base
featured below.
3.4.3 Pre-association between TyrOH and B. Determination of KA and kredKA’: At high
buffer ratios, [+HB ]/[B] > 10, with the MS-EPT pathway dominating, saturation kinetics in
[B] are predicted by eq 3a. In Figure 2 is shown a plot of kobs/[TyrOH]T, with [TyrOH]T the
total tyrosine concentration, which illustrates the behavior predicted by eq 3a. From the
inverse-inverse plot of [TyrOH]T/kobs in the inset: slope = (kredKAKA’)-1 = 5.8x10-9; intercept
= (kredKA’)-1; intercept/slope = 2.1x10-7 KA = 30.0 M-1and kredKA’ =4.8x106M-1s-1.
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Figure 2: Plot of kobs/[TyrOH] vs [HPO42-] in a H2PO4--HPO42- buffer at pH 7.5 ([H2PO4]/[HPO42- ] = 5) for the oxidation of TyrOH by Os(bpy)33+ illustrating saturation kinetics at
[HPO42- ] > 100mM; 0.8 NaCl at 23±2oC. In the inset is shown a plot of [TyrOH]T/kobs vs.
[HPO42-]-1 with slope = 0.05 and intercept = 1.8; eq 13. The inset plot is of kobs/[HPO42-] vs
[H2PO4-] -1 with 1.0x10-4M and 2.0x10-5M Os(bpy)33+ in 0.8M NaCl at 23±2°C in phosphate
buffered solution. The nonzero intercept and slope are consistent with the rate law in Eq 1.
3.4.4 Dependence on [TyrOH] and [B] with B = HPO42-: In the limit KA[B] < 1, [TyrOH]T ~
[TyrOH] and eq 3a becomes eq 3b. In Figure 3 are shown plots of kobs vs [TyrOH] at fixed
[HPO42-] and of kobs vs [HPO42-] at fixed [TyrOH] illustrating the predicted dependences on
buffer base and TyrOH. From the slopes of the two, kredKAKA’= 2.0x107M-1s-1(Figure 3A)
and 3.0x107M-2s-1 (Figure 3B).
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Figure 3: A) Plot of kobs vs [HPO42-] at pH 6.5 {H2PO4-/HPO42-=3/1} at 1.0x10-3M TyrOH in
0.8M NaCl at 23±2ºC. B) Plot of kobs vs [TyrOH] at pH 6.0 {H2PO4-/HPO42-=15:1} at
500mM total buffer.
3.4.5 Independent determination of KA by 31P NMR: As described in Experimental, 31P
NMR was applied to the independent determination of KA for the TyrOH-HPO42- association
complex. As shown by the data in Figure 4, the predicted variation in inverse chemical shift
with
[HPO42-]-1 in the fast exchange limit is observed over the range 1.0x10-4 – 1.0x10-2 M in
HPO42- . From the slope, 0.05, and intercept, 1.7, of the plot, KA = 34± 2M-1, in good
agreement with the electrochemically derived value under the same conditions.
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1
according to eq 11 for the 31P NMR chemical shift of
2−
Δδ obs
[ HPO4 ]
at 23±2°C. From the slope of the line, KA = 34±2M-1.

Figure 4: Plot of
HPO42-

1

vs.

3.4.6 Pre-association between TyrOH---HPO42- and [M(bpy)33+; determination of KA’: At
high concentrations of TyrOH and B with KA[TyrOH] or KA[B] > 1, the TyrOH---B adduct
becomes the dominant form of TyrOH in solution. At high concentrations of the adduct there
is experimental evidence for an additional kinetic saturation region with prior association of
the adduct with metal complex oxidant before the EPT step, Scheme 1, eq 5. The predicted
decrease in kobs with [M3+] showing saturation behavior is shown in Figure 5. From the plot
of kobs-1 vs [Os(bpy)33+] -1 in the inset, consistent with eq 5b with kred = 9.6x104s-1 and KA’ =
37.8 M-1.
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Figure 5: Plot of kobs vs [Os(bpy)33+] in oxidation of TyrOH by Os(bpy)33+ exhibiting
saturation kinetics in complex at [TyrOH] > 5.0x10-4M , 0.5 M in H2PO4--HPO42- at pH 6.0
([HPO42-] = 0.07M under conditions of complete TyrOH- HPO42- complex formation in 0.8
NaCl at 23±2oC. In the inset is shown a plot of kobs-1 vs [Os(bpy)33+]-1 for which slope =
3.8x10-8 and intercept = 2.1x10-6 .
3.4.7 Rapid pre-equilibrium formation of TyrO- followed by rate limiting oxidation;
determination of k2 and k1/k-1: At low buffer ratios with [+HB ]/[B] < 10 the PT-ET pathway
is dominant in Scheme 1. At relatively high buffer concentrations with k2[M3+] << k-1[+HB ],
the dominant mechanism becomes equilibrium proton loss giving TyrO- followed by its rapid
oxidation by [M(bpy)33+], Scheme 1 and eqs 10 and 11. In Figure 6 is shown a plot of
kobs/[TyrOH] vs. [B]/[+HB] with KA[B] < 1, [TyrOH]T ~ [TyrOH] consistent with eq 8b.
From this plot: slope = (k1k2KA/k-1) = 7.3x106 M-1s-1. The rate constant ratio k1/k-1 is the
equilibrium constant for proton transfer to B, TyrOH + B = TyrO- + +H-B. It is given by the
known pKa values by use of eq 18. For HPO42- as base with pKa(H2PO4-) = 7.2, K= 6.0x10-4.
With this value and KA = 30.0M-1, k2 = 1.7x107 M-1s-1 with k2 the rate constant for electron
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transfer oxidation of TyrO- by M(bpy)33+. This value compares favorably with the value k2 =
1.0x107 M-1s-1 obtained for the direct oxidation of TyrO- by Os(bpy)33+.
K=

k TyrOH
k1
(18)
=
k −1
k HB +

Figure 6: Plot of kobs/[TyrOH] vs. [B]/[+HB] {[ HPO42-]/[H2PO4-]} according to eq 8b from
0.002 to 1.3 M H2PO4--HPO42 buffer in 0.8M NaCl at 23±2°C.
3.4.8 Rate limiting proton transfer; determination of k2 and k-1: At low buffer concentrations
in the limit k2[M3+] >> k-1[+HB ], the rate law becomes independent of [M(bpy)33+], eq 11
with rate limiting proton transfer from TyrOH to B. The appearance of this region in the
kinetics is shown by the data in Figure 7.
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Figure 7: Cyclic voltammograms for tyrosine oxidation by Os(bpy)33+ at 20μM (solid) and
40 μM Os(bpy)32+ (dashed) with 0.1mM tyrosine in 50 mM phosphate buffer at pH = 8.5,
([HPO42]/[H2PO4-] = 15/1) at 23±2°C in 0.8M NaCl.
In Figure 8 is shown a plot of kobs vs. [B] consistent with eq 10b. From the plot in
Figure 8: slope = 2.0x107M-1s-1 and intercept=3.9x105s-1 with KA = 30.0, k1 = 3.3x105 s-1.
With this value of k1 and the rate constant ratio k1/k-1 = 4x10-5, k-1 = 7.8x109M-1s-1.
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Figure 8. Plot of kobs/[TyrOH] vs [HPO42-] for 1.0x10-4M TyrOH with 2.0x10-5M Os(bpy)33+
at pH 8.5 in phosphate buffer with 0.8M NaCl at 23±2ºC.
3.4.9 Complete rate expression; validity of Schemes 1 and 2 and eq 2: With all of the rate and
equilibrium parameters in Scheme 1 and eq 2 evaluated it is possible to test the validity of the
mechanism and rate expression in general over a wide range in buffer, complex, and tyrosine
concentrations and buffer ratios by application of the digital simulations. An example of a fit
to data at pH = 7.5 with both MS-EPT and PT-ET pathways playing a significant role is
shown in Figure 9. Kinetic and equilibrium parameters obtained from the kinetic analysis and
used in the digital simulations are listed in Table 1.

57

Figure 9: Cyclic voltammogram and digital simulation of Os(bpy)33+ oxidation of tyrosine at
1.0x10-4 M tyrosine, 2.0x10-5M Os(bpy)33+, and 0.05 M phosphate buffer, [H2PO4-]/[HPO42]= 1/5, in 0.8M NaCl at 23±2°C. The simulation (dashed line) was fit to the electrochemical
mechanism in Scheme 2 and rate constants reported in table 1 for phosphate.

Base

pKa

KA

k1

k-1

k2

KA’

kred

(M-1)

(s-1)

(M-1s-1)

(M-1s-1)

(M-1)

(s-1)

Acetate

4.7

11.7±0.9

1.4±0.2x104

1.0±0.3x108

1.7±0.2x107

45±0.8

5.0±0.3x103

Succinate

5.6

22.2±0.5

5.0±0.2x104

3.7±0.9x108

1.0±0.9x107

31.2±0.2

2.5±0.2x104

Histidine

6.6

26.3±0.3

1.4±0.1x105

2.9±0.1x109

1.4±0.1x107

37.8±0.2

6.9±0.3x104

Phosphate

7.2

30.0±0.1

3.3±0.1x105

7.8±0.4x109

1.7±0.3x107

22.2±0.1

9.6±0.5x104

Tris

8.1

37.8±0.5

1.1±0.1x105

2.4±0.2x109

1.1±0.2x107

22.6±0.4

1.0±0.3x106

Table 2: Rate and equilibrium constants (Scheme 1) for oxidation of tyrosine by Os(bpy)32+
for bases from acetate to tris with a pKa range of 4.5-8.1 in 0.8 M NaCl at 23±2°C.
3.4.10 H/D Isotope Effects: The role of exchange of D2O for H2O on the kinetic parameters
in Scheme 1 was also investigated. Because of the overlap of contributions from both MS-
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EPT and PT-EPT pathways over a wide region of buffer concentrations and ratios, the
isotope effects were investigated under limiting conditions for the two pathways; pH 6.0 for
MS-EPT and 8.5 for PT-ET. In these experiments kinetic parameters were derived from
digital simulation of cyclic voltammograms as described in the previous section.
Cyclic voltammetry experiments were repeated in both pure (99 atom %) D2O isotope
and in solutions containing equal mole fractions of both D2O and H2O in order to establish
proton inventories for the two pathways, eq 19. In this equation kobs,X, kobs,D, and kobs,H are the
observed rate constants obtained from the simulations at mole fraction χD, in D2O and in
H2O.21,35-37
Plots of kobs,X/kobs,H vs. χD under both sets of limiting conditions are shown in Figure 10 for
oxidation of tyrosine by Os(bpy)33+ with added H2PO4--HPO42- buffer.

k obsX
k obsH

(

)

= 1 + χ D k obsD − k obsH − 1 (19)
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Figure 10: Plot of kobs,X/kobs,H vs. χD according to eq 13 under limiting conditions for MSEPT oxidation of tyrosine by Os(bpy)32+, H2PO4-/HPO42- < 1/10, at pH = 6.0 (open) and for
limiting PT-ET. H2PO4-/HPO42- > 10/1 closed
The procedure described in the previous section for isolation of the separate rate and
equilibrium constants in Scheme 1 was repeated in both D2O and the 1:1 D2O:H2O mixture.
Isotope effects for the separate parameters in Scheme 1 are reported in Table 2.

Base

pKa

EIE KA

KIE k1

KIE kred

Acetate

4.7

1.5±0.2

3.5±0.1

2.8±0.3

Succinate

5.6

1.8±0.1

2.8±0.2

2.5±0.4

Histidine

6.6

1.4±0.1

2.4±0.2

2.3±0.3

Phosphate

7.2

1.7±0.4

1.2±0.4

2.1±0.6

Tris

8.1

1.2±0.3

1.1±0.3

1.9±0.1

Table 2: Equilibrium and kinetic H/D isotope effects for tyrosine oxidation by Os(bpy)32+ in
0.8M NaCl at 23±2°C.
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Although not shown, plots of kX/kH vs. χD for the individual rate constants, k1, k-1, k2,
and kred, were all linear consistent with transfer and involvement of a single proton.21,35-37
3.4.11 General Buffer Base Catalysis: The cyclic voltammetric technique was also applied to
tyrosine oxidation by a series of metal complexes M(bpy)33+(M = Fe, Ru, Os) and buffer
bases. In the complete study 5 buffers and four metal complex oxidants were investigated. In
these studies catalytic enhancements arising from tyrosine oxidation by M(bpy)33+ was
investigated over a broad range of tyrosine, buffer ratio, and base forms of the buffer at
concentrations between 0.002M and 0.48M. The pKa values for the bases range from 4.7 for
acetate buffer to 8.1 for Tris in the series, Table 3, and Eo’ values for the metal complex
oxidants from 0.85 to 1.25V, vs NHE, Table 3 .
Base

pKa

Acetate

4.7

Succinate

5.6

Histidine

6.6

Phosphate

7.2

Tris

8.1

Table 3: Each of the 5 bases reported with pKa used in electrochemical equation.
The range of accessible buffers was limited by the pKa of tyrosine (10.1 and by the
influence on pH the response of the ITO electrodes. The surface of ITO has a phosphonated
surface that responds to pH conditions of the solution. It is most effective at neutral or near
neutral pH. As the pH nears this pKa(TyrOH), the kinetic analysis is complicated by direct
oxidation of TyrO- as it forms in equilibrium amounts.
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Data for the series of oxidants in addition to Os(bpy)33+ with the complete set of
buffers are collected in Table 3. In reporting these data only values for kred, the EPT step, and
k2, the rate constant for oxidation of tyrosine anion are reported. The other values are
independent of oxidant, k1,k-1, or given the nearly common molecular radii through the series
of complexes, were the same within experiment error of those reported in Table 1.

Eo

kred

k2

(V vs NHE)

(s-1)

(M-1s-1)

Os(bpy)33+

0.85

9.6x104

1.7x107

Fe(bpy)33+

1.06

1.8x106

6.1x107

Ru(dmb)33+

1.11

2.7x106

1.6x108

Ru(bpy)33+

1.25

4.4x107

7.2x108

Oxidant

Table 4: Rate constants reported for oxidants over a potential rang of 0.85V vs NHE for
Os(bpy)33+ to 1.25V vs NHE for Ru(bpy)33+
3.5 Discussion:
We report here on tyrosine oxidation in the presence of a series of buffers at a variety
of pH’s. For the buffers used the dominant form of the amino acid is as the zwitterion,
Scheme 1 over the pH range 4.7 to 8.1. Oxidation of tyrosine under these conditions is
known to occur with radical coupling following 1e- oxidation33,38,39 consistent with n = 1 in
the cyclic voltammetry simulations with n the electrochemical stoichiometry. There was
evidence in the voltammograms at higher pH’s with Tris as the buffer for possible
complications arising from reaction of the deprotonated amino acid, M(bpy)33+, OOCCH(CH2C6H5OH)NH2.
The electrochemical simulations were carried out at ITO (Sn(IV) doped In2O3)
electrodes. Direct oxidation of tyrosine at these electrodes is kinetically inhibited although
studies currently in progress show that oxidation does occur at glassy carbon. Kinetic
62

inhibition of the direct oxidation allowed for indirect, chemically catalyzed oxidation by
added oxidants M(bpy)33+ to be investigated. The M(bpy)33+/2+ couples are kinetically
reversible at ITO and, following electrochemical oxidation to M(bpy)33+, oxidize tyrosine in
solution near the electrode resulting in a catalytic component to the M(bpy)33+/2+ couple.
3.5.1 Pathways for tyrosine oxidation. The results presented here and in earlier
communications,15 demonstrate the existence of a general catalytic effect in the oxidation of
tyrosine by Os(bpy)33+ and related metal complex oxidants in the presence of added buffers.
The catalytic effect is significant. For example, there is an increase over background
reactivity of 105 in a 0.05 M 1:5 H2PO4-/HPO42- buffer at pH 7.5 compared to an unbuffered
solution at pH= 7. A catalytic enhancement of ~102 over background is observed for an
acetate buffer at the same buffer ratio at pH = 5.4. For Tris under comparable conditions the
enhancement was 106.
The kinetic analysis shows that the origin of the catalysis with added buffers is prior
association of the base form of the buffer with tyrosine Scheme 1. This activates tyrosine
both toward proton transfer to added buffer base B and toward Multiple Site-Electron Proton
Transfer (MS-EPT) with proton transfer to B coupled with electron transfer to M(bpy)33+.
As shown by the kinetic studies on oxidation of TyrOH and TyrO- by M(bpy)33+,
additional background pathways for tyrosine oxidation also exist. A summary of pathways is
given in Scheme 5 for the generalized buffer +HB/B with Os(bpy)33+ as the example oxidant.
In the calculations that follow: pKa(H2O) = 15.7, pKa(H3O+) = -1.74, pKa(TyrOH) = 10.1,
pKa(TyrOH+.) = -2, Eo’(TyrOH+./o) = 1.34 V vs. NHE, Eo’(Os(bpy)33+/2+) = 0.85 V. F is the
Faraday, 1 eV/V in SI units.

Scheme 8. Pathways for Tyrosine Oxidation (230C, I = 0.8M NaCl)

63

ET-PT(rate limiting electron transfer followed by proton transfer)

ET: Os(bpy)33+ + TyrO-H

Os(bpy)32+ + TyrO-H+.

ΔGo’ = 1.34eV
k = 1.7x102 M-1s-1
PT:

TyrO-H+.

TyrO. + H+(pH)

ΔGo’ = 0.059(pKa(TyrO-H+.) – pH) (eV at 25°C)

PT-ET (rate limiting proton transfer followed by electron transfer)

TyrO- + HB+

PT(B as proton acceptor): TyrO-H + B

ΔGo’ = 0.059(pKa(TyrOH) - pKa(B)) (eV at 25 C)
k(B = HPO4-) = 3.0x105s-1 (Table 1)
PT(OH- as proton acceptor):

TyrO-H + OH-

TyrO- + H2O

ΔGo’ = 0.059(pKa(TyrOH) – pKa(H2O) = -0.33 eV
PT(H2O as proton acceptor): TyrO-H + H2O

TyrO- + H3O+

ΔGo’ = 0.059(pKa(TyrOH) – pKa(H3O+)= +0.70 eV
ET:

Os(bpy)33+ + TyrO-

Os(bpy)32+ + TyrO.

ΔGo’ = -1.5 eV
k = 1.7x107 M-1s-1

MS-EPT (Multi-site electron-proton transfer)
MS-EPT(B as base): Os(bpy)33+ + TyrO-H + B

Os(bpy)32+ + TyrO. + +H-B
ΔGo’ = -F{Eo’(Os(bpy)33+/2+) - Eo’(TyrOH+./o)} + 0.059{pKa(TyrOH+.) - pKa(B)}
ΔGo’ = -0.22 eV (B = HPO4-, Table 1)
kred KAKA’ = 9.6x104 M-1s-1 (B = HPO4-, Table 1)
MS-EPT(OH- as base):

Os(bpy)33+ + TyrO-H + OHOs(bpy)32+ + TyrO + H2O
.

ΔGo’ = - F{Eo’(Os(bpy)33+/2+) - Eo’(TyrOH+./o)} + 0.059{pKa(TyrOH+.) - pKa(H2O)}
ΔGo’ = -0.57 eV
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MS-EPT(H2O as base): Os(bpy)33+ + TyrO-H + H2O

Os(bpy)32+ + TyrO. + H3O+
ΔGo’ = -F{Eo’(Os(bpy)33+/2+) - Eo’(TyrOH+./o)} + 0.059{pKa(TyrOH+.) - pKa(H3O+)}
ΔGo’ = 0.47 eV
ET-PT. Oxidation of tyrosine by Os(bpy)33+ by initial electron transfer is relatively

slow with k = 1.7x102 M-1s-1. Slow electron transfer is due to the uphill nature of the electron
transfer step with ΔGo’ = 1.34 eV .
Electron transfer greatly enhances acidity with pKa decreasing from 10.1 for TyrOH
to -2 for TyrOH+..22 The free energy change in the net reaction is recovered in a subsequent
proton loss to solvent which occurs first by proton transfer to an associated water molecule or
water cluster,
o'

G dil
TyrO.,H3O+ ⎯Δ⎯
⎯→ TyrO. + H3O+ (pH)

TyrOH+.,H2O

Initial proton loss occurs with ΔGo’ = 0.059(pKa(TyrOH+.) - pKa(H3O+) = -0.02 eV. It is
followed by dilution of the released proton to the prevailing pH,
ΔGo’ = 0.059(pKa(TyrOH+.) – pH) (eV at 25 C).
PT-ET. Proton loss to OH- is favorable given the relative pKa’s of TyrOH and H2O.

It occurs by initial association, the reverse of dilution, with ΔGasssoco’ = 0.059(pKa(TyrOH) –
pH) (eV at 25 C),
o'

G assoc
TyrOH + OH- ⎯Δ⎯
⎯
⎯→ TyrOH,OH- → TyrOH + OH-

and is followed by proton loss,
ΔGo’ = 0.059(pKa(TyrOH) - pKa(H2O) = -0.33 eV (at 25 C)
Water is not a good proton acceptor with an energy penalty of +0.22 eV for initial
proton transfer to H2O followed by electron transfer. The use of water as a proton acceptor is
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expected to be important as a competitive pathway only for strong acids or if the following
ET reaction is slow.
MS-EPT. MS-EPT with coupled electron transfer to the complex and proton transfer

to a base (B, OH-, or H2O) is microscopically more complex than either simple electron
transfer or proton transfer and will be discussed in detail in the next section. MS-EPT is at a
microscopic disadvantage due to an enhanced barrier arising from the requirement for proton
transfer. There are also important orbital requirements for an MS-EPT pathway and a need
for low energy proton orbital binding sites at both the proton donor and reduced acceptor.
MS-EPT plays a role because of its significant energy advantage. This can be seen in
the ΔGo’ values for MS-EPT in Table 8. These data reveal that ΔGo’ for MS-EPT with B as
the proton acceptor varies from -0.11 to 0.09eV with ΔGo’ = -0.59 eV for OH- as acceptor
base. Because of limits imposed by the pKa of TyrOH, we were unable to establish
saturation kinetics for OH- as EPT base in the electrochemical experiment. As discussed in
the next paper, it does function as an EPT base and is highly activating toward tyrosine
oxidation
The analysis for MS-EPT with H2O as the proton acceptor shows that this is an
energetically unfavorable pathway except for very strong acids given pKa(H3O+) = -1.74. For
oxidation of TyrOH by Os(bpy)33+, ΔGo’ = +0.49 eV for initial ET and +0.22 eV for MSEPT with proton transfer to water. Even though ΔG is more favorable for ET, it is expected
to dominate reactivity because of the microscopic demands imposed by proton transfer.3,19,21
3.5.2 Kinetic Parameters. Kinetic and equilibrium parameters in Scheme 1 for the series of
buffers, +HB/B, are listed in Table 1 and H/D isotope effects in Table 2.
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Association complex formation and H-bonding, KA. The association constants

between TyrOH and the EPT bases, KA, in Table 1 are significantly larger than predicted by
simple, non-interactive association and the Fuoss equation in eq 20.40 It calculates the
statistic probability of contact without provision for special interactions such as H-bonding.
In eq 20, NA is Avogadro’s number and d the close contact, distance of separation in the
association complex between contacting spheres. Based on radii of 7Ǻ for M(bpy)33+ and 3.5
to 2.6 Ǻ for the bases, calculated values of KA range from 1-4.40 Experimental values are
greater by a factor of 10 presumably reflecting the energetic importance of H-bonding
between TyrOH and the added base.
KA =

4πN A d 3
(20)
3000

From the data in Table 1, the free energy of formation of the association complex,
-RTlnKA increases with the basicity of B as measured by its free energy of proton affinity,
RTlnKa(+HB), Figure 11. The slope of the linear correlation in Figure 11 is 0.14.
The increase in KA with increasing base provides additional evidence for the
importance of H-bonding with its magnitude increasing with RTln(Ka(+HB)). There are
implications in this observation for EPT reactivity. Increased H-bonding to stronger bases is
accompanied by increasing symmetrization in the TyrO-H---B hydrogen bond resulting in a
shorter proton transfer distance as the base strength of B increases. Proton transfer is
inherently quantum mechanical given the high frequency of the ν(OH) vibrational modes
coupled to the transfer event.41,42 Symmetrization is important in increasing vibrational
overlap, which decreases the proton transfer distance and enhancing rates of both proton
transfer and MS-EPT and decreasing H/D kinetic isotope effects.
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Figure 11: Plot of –RTln(KA) vs. RTln(Ka(+HB)) from data in Table 1 in 0.8M NaCl aqueous
solution at 23 oC. with 0.05M concentrations of various bases.
From the data in Table 2 there are small equilibrium isotope effects for KA, which
vary from 1.2 to 1.8 without any systematic trend in the data. The fact that KA(H2O)/
KA(D2O) > 1 shows that H is favored over D in the H-bonded association complex before
proton transfer occurs presumably due to a zero point energy effect.
k1
Proton transfer to B. k1. Rate constants for proton transfer, TyrO-H---B ⎯⎯→

TyrO----+H-B, also increase with the base strength of the acceptor base. This trend is shown
by the plot of -RTlnk1 vs. RTlnKa(HB+) in Figure 12. The slope of the best fit straight line in
Figure 12 is 0.78. The observed increase in k1 with base strength of B is also an additional,
expected consequence of the symmetrization of the TyrOH---B H bond decreasing the barrier
to proton transfer.
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The role of proton transfer distance in the TyrO-H---B H-bond also appears in the
variations in H/D kinetic isotope effects (KIE) for proton transfer in Table 2. These data
reveal a systematic increase in k(H2O)/k(D2O) for k1 from 3.5 for B = acetate with pKa(+H-B)
= 4.7 to for B = Tris with pKa(+H-B) = 8.1 as ΔG for proton transfer decreases from +0.32 to
+ 0.12 eV. The variation with pKa is consistent with a shorter proton transfer distance for
stronger bases where H-bonding is stronger and the H-bond more symmetric.43-51

Figure 12: Plot of RTLnk1 vs RTLnKa showing a linear dependence of k1 on the pKa of the
basic form of the buffer reporting a slope of 0.4.
Back proton transfer to B. k-1. The mechanism for back proton transfer, k-1 in Scheme 1, is

expanded in eq 21 into pre-association between TyrO- and +H-B followed by proton transfer,
kP. Assuming the steady state approximation for the association complex, TyrO----HB+, k-1 is
given by eq 22. In the limit kP >> k-D, k-1 = kD and re-protonation is diffusion limited. In the
limit that kP << k-D, k-1 = kP(kD/k-D) a rapid pre-equilibrium precedes proton transfer.
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(21)

k -1 =

kpkD

(16)
(22)

k −D + k p

In Figure 13 is shown a plot of RTln(k-1) vs. ΔGo’ for back proton transfer with
ΔGo’calculated from, ΔGo’= -0.059(pKa(TyrOH) – pKa(+HB). The data are striking in
providing evidence for “inverted region proton transfer” for acetic and succinic acids with
ΔGo’ = -0.31 and -0.26 eV with the rate constant for proton transfer decreasing as the
reaction becomes more favorable. Other examples have been reported in the recent chemical
literature.42-44 Given the magnitudes of the rate constants and the implied diffusion controlled
limit of 3-7X109 M-1s-1 by the data in Table 1, k-1 = kP(kD/k-D) with the free energy
dependence appearing in the proton transfer step.

Figure 13. Variation of RTlnk-1for back proton transfer on -ΔGo’ for the reaction taken from
the data in Table 2.
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Multi Site-Electron Proton Transfer. One goal of this study was to identify and verify
Scheme 1. A second was to use the combination of four metal complexes oxidants and five
acceptor bases to provide experimental insight into the microscopic details for this pathway.
Relationship between proton transfer and EPT. One issue to explore experimentally

was the separate proton and electron transfer components of MS-EPT, k1 and kred in Scheme
1. Two sets of data give insight into this. In Figure 14, are shown plots of RTln k1 vs RTln
kred for the series of M(bpy)33+ oxidants with k1 the rate constant for proton transfer from
TyrOH to B within the association complex between them and kred = kEPT the rate constant
for coupled electron-proton transfer, eq 23. In Figure 17 the correlations are for the four
separate oxidants increasing in reduction potential from 0.85 V for the Os(bpy)33+/Os(bpy)32+
couple (green) to 1.25V for the Ru(bpy)33+/Ru(bpy)32+ couple (red) with EPT bases of
increasing base strength from acetate (4.7) to Tris (8.1), Table 3.

Figure 14: Illustrating the variation of RTlnk1 for proton transfer with RTln(kred) for EPT
(kred = kEPT) in 0.8 M NaCl at 23±2 oC. Green points Os(bpy)32+/3+, yellow points
Fe(bpy)33+/2+, orange points Ru(dmb)33+/2+, and red points Ru(bpy)33+/2+.
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23
As expected by the comparison of microscopic detail in eq 23, proton transfer and
EPT respond similarly to increases in the acceptor ability of the base. For each separate
oxidant, there is a direct correlation between RTln(k1) and RTln(kEPT) with slopes of ~1.3.
This is true for EPT for oxidants whose reduction potentials vary over a range of 0.4 V.
The equal sensitivities of the separate correlations to pKa(+HB) shows that the two
processes, proton transfer to B and MS-EPT, are equally responsive to the electronic,
environmental, and other factors that dictate the separate barriers to PT and EPT.
Driving force dependence. A second experiment probe into the separate roles of

electron and proton transfer is available from the ΔGo' dependence of EPT arising from the
separate variations in pKa(+HB) and redox potential of the oxidant. If the microscopic
description of MS-EPT as involving concerted electron and proton transfer is correct, eq 23,
the same ΔGo' dependence should exist by varying either electron or proton acceptor.
Plots of RTln(kEPT) vs. ΔGEPT o' are shown in Figures 15a and 15b with ΔGEPT o'
varied in two ways, with succinate dianion as the common base and the series of oxidants in
Figure 15a and with Os(bpy)33+ as the common oxidant and the series of bases, Figure 15b.
Values of ΔGEPT o' were calculated by using eq 24.

ΔG oEPT = E o (TyrOH+ / • ) − E o (M(bpy)33+ / 2 + ) − 0.059(pK a (+ HB) − pKa (TyrOH+. ) (24)

72

Figure 15: Variation of RTln(kred) with -ΔGEPT o' in eV in 0.8 M NaCl at 23oC: A) by varying
Eo’(M3+/2+) for the oxidant (slope = 0.61) and B) by varying the pKa of the acceptor base
(slope = 0.61).
These data are significant in revealing that the key factor dictating rate constants for
EPT is the driving force and not how it is varied. This conclusion is reached independent of
the structural details of the base which includes in the series both N and O bases.
3.5.3 Free Energy Dependence of Multi Site-Electron Proton Transfer. As discussed in an
earlier communication, detailed analysis of the dependence of kEPT on ΔGEPTo' is complicated
by the quantum nature of the proton transfer which requires application of the sum over
vibrational states approach of Hammes-Schiffer, et. al, eq 25.55-58 A quantum treatment is
required for the high frequency ν(O-H) and ν(N-H) modes involved in the proton transfer
with quantum spacings > 3000 cm-1 well above the background thermal energy at room
temperature, ~200 cm-1. In the limit of adiabatic proton transfer and non-adiabatic electron
transfer, kEPT is given by eq 25. In this equation VET is the electron transfer matrix element, λ
is the sum of the solvent and intramolecular reorganization energies treated classically, and
φμ and φν are the proton vibrational wave functions for the proton before and after EPT
occurs. The summations are over initial levels μ in their Boltzmann populations, P(μ), and
from each initial vibrational level μ to final level ν. As noted above, this equation is valid in
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the limit of nonadiabatic electron transfer with weak electronic coupling and neglects small
variations in λ for the individual vibronic channels.
k EPT

2π
2
=
Pμ ∑ VET ϕ μ | ϕ ν
∑
h μ
ν

2

(

)

2
o′
⎡
⎤
⎛⎜ 4πλRT ) − 12 ⎞⎟ exp− ⎢ λ + ΔG + (μ − ν )hω ⎥
⎝
⎠
4πλRT
⎣⎢
⎦⎥

(25)

If EPT is dominated by the μ = 0 → ν = 0 vibronic channel, eq 25 can be written as eq
26a with ΔGo' = ΔGEPTo'. The quantity ko is the EPT rate constant at ΔGo' = 0.

RTln(k EPT ) = RTln(k o ) +
ko =

2π
2
VET ϕ μ | ϕ ν
h

ΔG o′
2
2

⎛ ΔG o′ ⎞
⎟
⎜⎜1 +
2λ ⎟⎠
⎝

⎡ λ ⎤
exp− ⎢
⎣ 4RT ⎥⎦

(26a)

(26b)

Figure 16: Variation of RTln(kred) vs -ΔGo’ in eV by varying both Eo’ for the oxidant and pKa
for the acceptor base, see text. The dashed line is a plot of RTln(kred) = RTln(ko) + ΔGo’/2 (1
+ ΔGo’/2λ) according to eq 26a with ko = 8.9x102 s-1 from Figure 15a and b and λ = 0.90 eV
from ref 58.
In Figure 16 is shown a plot of RTln(kEPT) vs -ΔGo' for the complete data set
including all bases and all oxidants with the dashed line an attempted fit to eq 26a. The
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quantity, k0 = 8.9x102 s-1, was evaluated from these data as the average of kred values at ΔGo'
= 0 eV and λ = 0.9 eV taken from an analysis of a related, intramolecular tyrosine oxidation.
58

It is clear that the limiting expression with EPT occurring solely through the μ,ν = 0
vibronic channel is unable to account for the experimental ΔG dependence. This failure
points to the importance of quantum effects and vibronic transitions above the lowest levels
where φμ,φν vibrational overlap is enhanced.
The importance of quantum effects appears at other places in the data. One is in the
k(H2O)/k(D2O) kinetic isotope effect (KIE) data in Table 2 for oxidation of TyrOH by
Os(bpy)33+. The same trends in KIE with ΔGo are observed for proton transfer and MS-EPT,
Table 2. In both sets of data KIE decreases as ΔGo becomes more favorable with a maximum
KIE reached for acetate as base with ΔGo’ ~ 0, Table 2. As noted in an earlier section, this is
a consequence of increasing symmetrization of the TyrO-H---B hydrogen bond as the base
strength of B increases which decreases the proton transfer distance increasing vibrational
overlap integrals, eq 25.
The most dramatic quantum effect appears in the apparent structure in the plot of
RTln(kEPT) vs ΔGo' in Figure 16. This appears to be an inherent quantum effect, a “quantum
beat”, arising from the high frequency ~3000 cm-1 modes involved in the TyrO-H---B →
TyrO----+H-B transfer. 59
3.5.4 Free Energy Dependence of TyrOH and TyrO- Oxidation by Electron Transfer.
Following proton loss from TyrOH in Scheme 1, TyrO- is oxidized by M(bpy)33+, eq 27
followed by radical coupling. As expected, and as shown by the data in Table 2, k2 values
derived for this step are independent of the base within experimental error, which is true for

75

all four oxidants. This value is agreement with the value k2 = kET,TyrO- = 1.7± 0.5x107 M-1s-1
measured by electrochemical investigation of the tyrosyl anion.
3+

M(bpy) 3 + TyrO − → M ( bpy ) 3

2+

+ TyrO •

(27)

It is apparent from these data that k2 increases as -ΔGo’ increases. From the classical
Marcus-Hush theory for electron transfer within a structurally homologous series of
reactions, the electron transfer rate constant, kET, is predicted to vary with driving force, ΔGET, as shown in 27.60-61

Figure 17: Plot of RTln(kET) vs –ΔGo’ for tyrosine anion oxidation by M(bpy)33+, eq 27, in
0.8M NaCl at 23±2°C. Individual data points are the average value of 5 individual trials.
ΔG ET
ΔG ET
(1 +
) (28a)
2
2λ
(ΔG ET + λ ) 2
1/ 2
k ET (0) = ν ET K A (4πRTλ ) exp− [
] (28b)
4λRT

RT ln(k 2 ) = RT ln(k ET (0)) + RT ln(K A ) +

In these equations νET is the frequency factor for electron transfer, KA the equilibrium
constant for association between M(bpy)33+ and TyrO-, and λ the sum of intramolecular and
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solvent reorganization energies.60,61 ΔGET is the free change for electron transfer within the
ET
association complex between reactants, M(bpy)33+,TyrO- ⎯k⎯
⎯
→ M(bpy)32+, TyrO.. It is

related to the overall free energy change, ΔGo´, as shown in eq 29 with K-A the association
constant between the electron transfer reactants and K-A for the products, M(bpy)32+ and
TyrO.. kET(0) is the electron transfer rate constant at ΔGET = 0.
ΔG ET = ΔG o′ − 0.059 log( K A − K − A ) (in eV at 25oC)

(29)

Eq 29 predicts a quadratic dependence of ln(kET) on ΔGET with kET increasing as
-ΔGET increases. In the limit │ΔGET│ << λ, kET is predicted to vary with ΔGET/2, eq 30.
RTln(k 2 ) = RT ln k ET (0) K A −

ΔGET
(30)
2

As shown in Figure 17, a plot of RTln(kET )vs. ΔGo' is linear with a slope of 0.5 as
predicted by eq 30. From the value of RTln(k2) at ΔGo' = 0, k2 = kET(0)KA = 9.0x104 M-1s-1.
In the correlation in Figure 17 in eq 27 was neglected and assumed to be negligible. the
correction for the difference in ΔG of association between precursor and successor complexes
is neglected and assumed to be negligible.
In the oxidation of tyrosine by M(bpy)33+ an ambiguity exists with regard to
mechanism and whether initial oxidation occurs by electron transfer or MS-EPT with a water
molecule or cluster as acceptor. The two possibilities are shown in eq 31 following preassociation of oxidant and tyrosine. From Scheme 5 the ΔG changes are comparable clearly
pointing to ET as the redox step given the greater microscopic demands and enhanced barrier
for EPT.

(31a)
(31b)
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In Figure 18 is shown a Marcus-Hush plot for M(bpy)33+/oxidation of tyrosine. From
the extrapolated value of the experimental rate constants to ΔGo', kET(0)KA = 9.0x104 M-1s-1.
3.6 Conclusions
A number of significant conclusions emerge from this study concerning tyrosine
oxidation and, by inference, other phenols:
•

There are multiple, competing pathways for tyrosine oxidation: i) electron transfer
followed by proton transfer (ET-PT), ii) proton transfer followed by electron transfer
(PT-ET), iii) coupled electron-proton transfer (EPT) with an added base as proton
acceptor, and iv) EPT with OH- as proton acceptor. Depending on conditions these
may all be competitive. ET-PT dominates in acidic solution and EPT/ET-PT at high
concentrations of added bases with the distribution between them depending on the
buffer ratio. Hydroxide is the most effective MS-EPT base for tyrosine playing a role
even at pH = 7. 23

•

There are important implications in these results for tyrosine oxidation in biology.
Because of the high reduction potential for the tyrosine radical cation, TyrOH+.,
mechanisms involving initial oxidation in the absence of an EPT base are inhibited.
As for histidine 190 in Photosystem II and for tyrosine in Ribonucleotide Reductase,
local intervention of an acceptor base can greatly facilitate tyrosine oxidation with the
−

e
TyrOH-His pair acting as a reversible electron transfer relay, TyrO-H---His ⎯−⎯
→
−

e
→ TyrO-H---His. In the absence of a proton acceptor base
TyrO.---+H-His ⎯+⎯

tyrosine oxidation is inhibited while in an environment with an exogenous base, such
as a phosphate buffer, it is facilitated.
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•

At the microscopic level, EPT is dominated by the quantum nature of the coupled
proton transfer. Importantly, this includes as a dominating theme local structure

and minimizing the proton transfer distance. Classical approximations may be
appropriate for remaining low frequency modes and the solvent.
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Chapter 4
pH Dependent or Base Assisted Tyrosine Oxidation?
Reproduced with permission of the American Chemical Society
Christine F. Murphy, M. Kyle Brennaman, H. Holden Thorp, and Thomas J.
Meyer pH Dependent or Base-Assisted Tyrosine Oxidation J. Am. Chem.
Soc. 2009 submitted © American Chemical Society 2009

4.1 Abstract:
In tyrosine oxidation different pathways have been proposed in which electron
transfer is accompanied by proton transfer. In one, proton transfer to the surrounding
medium occurs influenced by changes in pH, and driving force. In the second concerted
electron-proton transfer has been invoked (EPT) in which the proton is transferred to a Hbonded base. Interpretation based on a pH dependence has been questioned because, at
the microscopic level, there is no basis for coupling a local gain or loss of protons in an
elementary step to the surrounding ensemble of solvent, protons, buffer, etc. that define
the final equilibrium state including the pH. A pH dependence was reported recently for
intra-molecular oxidation of a tyrosine derivative linked to RuIII. We report here that in
the analogous, outer-sphere oxidation of tyrosine by Os(bpy)33+, Os(bpy)33+ + TyrOH →
Os(bpy)32+ + TyrO. + H+, a pathway does appear but that is first order in [OH-] rather than
pH dependent. This pathway arises from a Multiple Site- Electron Proton Transfer (MSEPT) with OH- acting as the proton acceptor base, Os(bpy)33+,TyrOH---OH- →
Os(bpy)32+,TyrO.---H2O.
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4.2 Introduction:
The fate of the hydroxyl proton in tyrosine oxidation is highly debated.1-6 Pathways have
been proposed in which electron transfer is accompanied by proton transfer to the surrounding
medium influenced by changes in pH and driving force.1,2 Coupled electron-proton transfer
(EPT) has also been suggested in which the electron and proton are transferred simultaneously to
separate electron and proton acceptors, the latter through a pre-formed H-bond to an acceptor
base. This pathway is supported by theoretical calculations.5

MV2+
RuII-Y

h

3

MV

+

RuIII-Y

RuII*-Y

kobs

RuII-Y + H+ (1)

Intramolecular oxidation of a Ru-bpy tyrosine derivative, Eq 1 with MV2+ methylviologen
dication, is dominated by a base-assisted EPT pathway at high buffer concentrations but at low
buffer concentrations, where the buffer independent pathway is negligible, < 0.5 mM, a pH
dependence remains, Figure 1.5 The reported pH dependence was attributed to the pH
dependence of the driving force for intramolecular Y → RuIII electron transfer. This explanation
is questionable because, at the microscopic level, there is no basis for coupling a local gain or
loss of protons in an elementary step to the surrounding ensemble of solvent, protons, buffer, etc.
that define the final equilibrium state including the pH.5,8,9
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Figure 1: The pH dependence for oxidation of the tyrosine derivative in Eq 1 for 30 μM RuY in
the presence of 5-200 mM methyl viologen dichloride or 15 mM Co(NH3)5Cl2+ in 0.0 M – 0.5 M
phosphate buffer at 298 K.7 (Reproduced from ref 2 © American Chemical Society, 2007)
We reported that oxidation of unbound tyrosine (TyrOH) by metal complex oxidants,
such as Os(bpy)33+ (bpy is 2,2’-bipyridine) is catalyzed by the basic form of added buffersHPO42-, histidine, acetate, succinate, and Tris- by the mechanism in Scheme 1. Base catalyzed
oxidation occurs by parallel pathways: 1) Multiple Site-Electron Proton Transfer (MS-EPT) and
2) proton transfer to the H-bonded base followed by TyrO- oxidation by electron transfer to the
oxidant (PT-ET). Both are illustrated in Scheme 1.
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purified by recrystallization.10 The purity of the sample was verified by UV-visible and 1H NMR
measurements.
OsIII(bpy)33+ was prepared in situ by bubbling Cl2 gas through an aqueous Os(bpy)32+
solution. Oxidation led to a color change from red to dark green. Before use solutions were
purged with argon gas to ensure removal of excess Cl2. UV-visible measurements showed that
Os(bpy)33+ decomposition was negligible on the time scale for the experiments described below.
Ionic strength was held constant by addition of 0.8 M NaCl. This allowed us to vary the
buffer concentration without changing the ionic strength of the solution. The temperature was
23±2°C.
Kinetic measurements were repeated in triplicate and rate constants are reported based on
the average rate constant for each trial. The error is reported as the standard deviation of all
trials. The slope and intercept are reported from plots of average values and the error is reported
as the standard deviation of the slope and intercept for each trial.
Aqueous buffer solutions were prepared from 0.5 M or 0.005 M stock solutions, which
were then diluted to the appropriate buffer concentration with MilliQ water. Buffer solutions
below 0.005 M were prepared as a stock solution without further dilution. The concentration of
buffer components was calculated by using the Henderson-Hasselbach equation taking standard
pKa values for each buffer in aqueous solution. With the help of a digital pH meter (Accumet
AB15 plus), the pH of buffered solutions was adjusted post-dilution by adding concentrated HCl
or NaOH. A final dilution with MilliQ water was performed, if necessary, to achieve the desired
base concentration. The pH of solutions with no added buffer was adjusted in the same way as
buffered solutions.
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4.3.2 Kinetics. Spectrophotometric Monitoring: In solutions dilute in base, < 0.5mM, oxidation
of TyrOH by Os(bpy)33+ is too slow for electrochemical monitoring . Kinetics of tyrosine
oxidation by Os(bpy)33+, prepared as described above, were monitored by UV-visible
measurements by using a Cary 300 Bio UV-Visible Spectrophotometer. Appearance of
Os(bpy)32+ was monitored at the visible absorption maximum for Os(bpy)32+ at λmax = 490 nm
(

12,900 M-1cm-1) which is the only significant absorber at this wave length. Os(bpy)33+ was

stable over the timescales used in both mixing and electrochemical experiments.
Absorbance-time traces were monitored and fit to the first order expression in eq 3 under
pseudo-first order conditions in TyrOH ( ≥ 1.0x10-4 M) relative to Os(bpy)33+ (1.0x10-5 M). In
eq 3, Ao, and At are the initial absorbance and absorbance at time = t, and

the final

absorbance. The rate constant for electron transfer was calculated from the slope and k =
kobs/[TyrOH]. A kinetic plot is shown in Figure 2.

⎡ (A −A ) ⎤
ln⎢ ∞ t ⎥ = kobst
⎣ (A∞ − A0 ) ⎦
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(3)

Figure 2: Absorbance-time plot for oxidation of 1.0x10-4 M tyrosine by 1.0x10-5M Os(bpy)33+ at
pH 7.0 in 1.0x10-5M phosphate buffer in 0.8M NaCl at 23 2 C. The inset shows a first order
plot of ln[A∞-t/A ∞-Ao] vs time with kobs/[TyrOH] = 1.8x102 M-1s-1.

Variations with pH, and [OH-], were investigated under the same conditions but with
dilute phosphate buffer added to maintain pH. In an initial series of experiments, total buffer
concentration was held fixed at 1.0x10-5 M with pH varied in the range 3.0 (H3PO4/H2PO4-), 5.0
(H2PO4-/HPO42-), 7.0 (H2PO4-/HPO42-), and 9.0 (HPO42-/PO43-). Rate constants obtained as a
function of pH were: kobs(23±2 °C) = 1.7(±0.9)x102 (pH = 3.0) 1.6(±0.3)x102 (pH = 5.0),
1.8±0.5x102 (pH = 7.0), and 3.2±0.9x102 (pH = 9.0) M-1s-1.
In a second series of experiments, variations with [HPO42-] were investigated with the pH
fixed at 7.0 and 9.0 by varying total buffer concentration, H2PO4- + HPO42- with [TyrOH] =
1.0x10-4 M and [OsIII(bpy)33+ ] = 5.0x10-6 M. Under these conditions PCET reactivity in Scheme
1 is dominated by the MS-EPT pathway.3 From a plot of kobs vs [HPO42- ] at pH = 7.0, intercept =
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1.8±0.2x102 M-1s-1 at [HPO42- ] = 0 and slope = 1.8±0.1x105 M-2s-1. For the pH 9.0 data,
intercept = 3.1±0.3x102 M-1s-1 and slope = 5.3±0.2x10 M-2s-1.
4.3.3 Second Order Unequal Concentration Kinetics. Direct Reaction with OH-: The dependence
of OH- as an EPT acceptor base in the oxidation of TyrOH by Os(bpy)33+ was investigated at pH
= 9.0, 9.2, and 9.4 in the absence of buffer at 490 nm with [TyrOH] = 1.0x10-4 M and
[Os(bpy)33+] = 5.0x10-6 M. In these experiments [OH-] was varied from 1.0x10-5-3.2x10-5M in
0.8M NaCl. Absorbance-time traces were treated by second-order unequal concentration
kinetics, eq 4, to obtain kOH- with b = [OH-] at t = 0, a = [Os(bpy)33+] at t = 0, and kobs= kOH[TyrOH].
⎡⎛⎛ b ⎞
⎞ ⎤
⎢ ⎜⎜ ⎜ − 1⎟(A ∞ - A 0 )⎟⎟ ⎥
⎝a ⎠
⎠ + 1⎥ = (b - a )k t
Ln ⎢ ⎝
obs
⎢
⎥
(A ∞ − A t )
⎢
⎥
⎣
⎦

(4)

The concentration range was narrowly circumscribed to avoid complications by direct
oxidation of tyrosyl anion, see above. TyrO-, which is rapid. The concentration of anion at the
beginning of the experiment was calculated from pKa(TyrOH) = 10.1 by using eq 5 and the
concentration of Os(III) available for the slower EPT reaction with OH- by [Os(III)] = [Os(III)]T
– [TyrO-]. [Os(III)]T and [TyrOH]T are the total Os(III) and TyrOH concentrations and Kw (=
1014) the water ionization constant. At [TyrOH]T = 1.0x10-4M, x = 0.14[OH-] = 1.4x10-6 M.
⎛ Ka
⎞
⎜ K ⎟[TyrOH][OH ]T
w⎠
⎝
x = [TyrO ] =
1 + K a [TyrOH]

(5)

4.3.4 Kinetics. Cyclic Voltammetry: Cyclic voltammetric measurements were performed by
using a BAS100B/W series potentiostat in a three electrode cell configuration described
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previously.11-15 The working electrode was glass coated indium tin oxide (ITO) with a reaction
area of 0.32 cm2 purchased from Delta Technologies (Stillwater, MN). The reference electrode
was a teflon coated Ag/AgCl microelectrode purchased from Cypress Systems, Inc (Lawrence,
KS). The auxiliary electrode was platinum wire, purchased from Sigma Aldrich (St. Louis,
MO), wrapped around the base of the teflon on the reference electrode. ITO electrodes were
treated before use by soniccation in MilliQ water, then isopropanol each for 15 minutes,
followed by two washes with MilliQ water for 15 minutes each. They were laid flat and allowed
to dry overnight. Each experiment was performed on a solution volume of 50 µL. To collect a
cyclic voltammogram (CV), the potential was swept in a positively from 0-1.3 V. The ITO
electrode was conditioned for 6 consecutive scans in phosphate buffer solution before the first
measurement. A final background CV was collected. A CV of buffer with metal complex was
then recorded, and ,finally, a scan of buffer and 20 µM complex with 100 µM tyrosine
(reductant). After a scan of buffer with oxidant and reductant was taken, the ITO electrode was
discarded and a new electrode was used for the next sample. CV’s were background corrected
by subtracting scans with buffer alone from scans with complex and complex with reductant.
Cyclic voltammetry measurements were conducted in aqueous 0.8 M NaCl solutions at 23±2°C.
Eqs 6,7 were used in the digital simulations of Scheme 1 as described in the previous
paper.3a Limiting conditions used to isolate either the MS-EPT or PT-ET pathways kinetically
are also discussed there. For the MS-EPT pathway H2PO4-/HPO42- buffers with the buffer acid to
base ratio > 10:1 were used. Under these conditions, kobs = kredKAKA’[TyrOH], Scheme 1. The
same procedure was followed for the additional EPT bases investigated.
The rate law derived for Scheme 1 is shown in eq 6a with [TyrOH]T the total
concentration of TyrOH distributed between TyrOH and its adduct with the buffer base. With
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high, pseudo-first order conditions in TyrOH and buffer the rate law becomes eq 6b with kobs
given by eq 7 in the limit: KA[HPO42-] << 1, [TyrOH]T ~ [TyrOH].

[

]

[

− d Os3+ ⎡ K A [TyrOH]T HPO24 −
=⎢
2−
dt
⎣ 1 + K A HPO4

[

]

[

]⎤⎛⎜ K ′k
⎥⎜
⎦⎝

A

]

red

+

[

k1k 2
k −1 H 2 PO4− + k 2 Os3+

d Os 2 +
= k obs Os 3 +
dt

[

]

]

]
(6b)

⎛
KAk1k 2
kobs
′
= ⎜⎜ KAKA k red +
k −1 H2PO4− + k 2 Os3+
[TyrOH] ⎝

[

[

⎞
⎟⎟ [Os3+ ]
⎠
(6a)

] [ ]

⎞
⎟⎟[HPO24− ] (7)
⎠

The electrochemical mechanism used in the simulations based on Scheme 1 is given in
Scheme 2.
Scheme 2
Os 2+ ↔ Os 3+ + e HB+ ↔ H + + B
TyrOH + B ↔ TyrOH - B
TyrOH - B + Os3+ → TyrO• - HB+ + Os 2+
TyrOH - B ↔ TyrO- + HB+
TyrO- + Os3+ → TyrO• + Os 2+
2TyrO• → (TyrO)2

At relatively low buffer concentrations with [H2PO4- ]/[HPO42-] > 10, the MS-EPT
pathway dominates and with KA[HPO42-] << 1, adduct formation is negligible which gives eq 8
for kobs with [TyrOH]T ~ [TyrOH].
k obs
′
= k red K A K A [ HPO 24− ]
[ TyrOH ]
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(8)

Under these conditions the MS-EPT pathway can be digitally simulated by Scheme 3.
Scheme 3

Os2+ ↔ Os3+ + eHB+ ↔ H + +B
TyrOH + B ↔ TyrOH - B
TyrOH - B + Os3+ → TyrO• - HB+ + Os2+
2TyrO• → (TyrO)2

4.3.5 Digital Simulation: Digital simulations were performed by using the DigiSim software
package purchased from BioAnalytical Systems (West Layfayette, IN). The DigiSim software
uses the Butler-Volmer equation to correlate current and potential information to evaluate the
homogeneous electron transfer rate constant between metal complex oxidant OsIII(bpy)33+ and
TyrOH.13 In the simulations diffusion coefficients for Os(bpy)33+/2+ (6.0x10-6 cm2/s)

11-12

and

tyrosine (3.0x10-5cm2/s2) 3 were used. The reduction potential for the metal complex (Eo’ = 0.85
V vs NHE in 0.05 M H2PO4-+HPO42- - 0.8 M NaCl) and the heterogeneous electron transfer rate
constant (ks = 0.01 cm/s) at 23±2°C were obtained by fitting cyclic voltammograms of the metal
complex alone in solution. The mechanisms in schemes 2-3 were used to simulate the
electrochemical data over the entire pH range investigated.
4.4. Results and Discussion
4.4.1 pH Dependence in the Oxidation of TyrOH by Os(bpy)33+: Oxidation of TyrOH by
Os(bpy)33+ in dilute (1.0x10-5 M) H2PO4-/HPO42--H3PO4/H2PO4- buffers in 0.8 M NaCl at pH 3.0,
5.0, and 7.0 at 23±2 °C reveals an apparent pH dependence, Figure 3. Under these conditions the
rate law was, -d[Os(bpy)33+]/dt = kobs[Os(bpy)33+][TyrOH], with kobs(23±2 °C) = 1.7(±0.9)x102
(pH = 3.0) 1.6(±0.3)x102 (pH = 5.0), 1.8±0.5x102 (pH = 7.0), and 3.2±0.9x102 (pH = 9.0) M-1s-1.
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The rate constants in Figure 3 report the average of multiple trials (3 or more) with the error
reported as the standard deviations.

Figure 3: Plot of kobs/[TyrOH] vs pH in the oxidation of tyrosine by Os(bpy)33+ at 23±2°C in
0.8 M NaCl containing 1.0x10-5M phosphate buffer (H3PO4/H2PO4--H2PO4-/HPO42-.

The origin of the apparent pH effect was investigated in more detail by application of the
cyclic voltammetric technique over a more extended range of buffer concentrations. With added
H2PO4-/HPO42-buffer, oxidation of TyrOH is accelerated even at fixed pH. As shown by the plots
of kobs/[TyrOH] vs [HPO42-] at pH = 7 and 9 in Figure 4, kobs/[TyrOH] increases linearly with
[HPO42-] under these conditions with the MS-EPT pathway dominating. These experiments were
carried out under pseudo first order conditions in both [TyrOH] (1.0x10-4M) and [HPO42-]
(3.0x10-3M-1.0x10-4M).
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The slopes of the plots of kobs vs. [HPO42-] at pH 7 and 9 in Figure 4 are the same within
experimental error, 5.0±0.5x105M-2s-1. The intercepts at [HPO42-] = 0 are offset by Δk =
1.3x102M-1s-1 with kobs higher at pH = 9.

Figure 4: Plots of kobs/[TyrOH] vs [HPO42-] for oxidation of tyrosine by Os(bpy)33+ in phosphate
buffer at pH 7.0 (red; [H2PO4- ]/[HPO42-] = 3/2) and 9.0 (blue; [H2PO4- ]/[HPO42-] = 1/60) in
0.8M NaCl at 23±2ºC. The total buffer concentration was varied between 1.0x10-4-3.0x10-3M.

4.4.2 Hydroxide as an EPT Base: To explain the difference in intercepts, we explored a possible
role for hydroxide as EPT acceptor base in unbuffered solutions of 0.8 M NaCl. In these
experiments tyrosine was in pseudo-first order excess (1.0x10-4 M), [OH-] was varied from
1.0x10-5 to 3.2x10-5 M and [Os(bpy)33+] was 5.0x10-6M. The concentration of OH- was limited to
dilute conditions to avoid domination by direct oxidation of TyrO-, eq 5. Reactions were
monitored spectrophotometrically and found to be consistent with the rate law in eq 9. A fit to
the second order, unequal concentration expression in eq 4, which gives kobs, is shown in Figure
5. Based on the results of twelve separate experiments, kOH- = 1.5±0.9x107 M-2s-1.
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-d[Os(bpy)33+]/dt = kOH-[OH-][Os(bpy)33+][TyrOH] = kobs[OsIII][TyrOH]

(9a)

kobs = kOH-[OH-] (9b)

Figure 5: Absorbance-time traces for oxidation of tyrosine by Os(bpy)33+ in 0.8M NaCl at
23±2ºC with [TyrOH] = 1.0x10-4 M. The inset shows a fit of the data to the second order
unequal concentration kinetic expression in eq 4 which gave kobs/[TyrOH] = 1.5x107 M-2s-1.
These data with those from Figure 4 are consistent with a three term rate law for TyrOH
oxidation from pH = 7-9 with added HPO42-, eq 10.

-d[Os(bpy)33+]/dt = {ko + kOH-[OH-] + kB[HPO42-]}[ Os(bpy)33+][TyrOH] =
kobs[OsIII][TyrOH] (10a)
kobs = ko + kB[HPO42-] + kOH-[OH-] (10b)
In this expression the ko term arises from outer sphere oxidation, eq 2 and the kB term
from MS-EPT oxidation with HPO42- (= B) as the proton acceptor base. We interpret the kOHterm as arising from an additional MS-EPT pathway with OH- acting as the EPT acceptor base.
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Intervention of this pathway explains the offset in intercepts between the buffer base plots in Fig.
4 with Δk/[TyrOH] ~ kOH-([OH-]2 – [OH-]1) = 1.5x102 M-1s-1 compared to 1.3x102M-1s-1 from the
plots in Figure 4.
4.4.3 Additional EPT Bases; As described in the earlier paper,3a tyrosine MS-EPT oxidation has
been extended to a series of bases: Tris, HPO42-, histidine, succinate, and acetate, by cyclic
voltammetry.3,9 A generalized version of Scheme 1 with acceptor base B, is shown in Scheme 4.
Based on that scheme with [HB+]/[HB] > 10 and total buffer concentration low, the basecatalyzed rate constant, kB, is given by, kobs = kB = kEPTKAKA’. As for HPO42- as base kEPT is the
rate constant for the EPT step. The constants KA and KA’ are association constants for formation
of the initial H-bonded adduct (KA) and of the adduct with Os(bpy)33+ (KA’).
Scheme 4

Under these conditions the kinetically observed rate law, analogous to eq 8, becomes eq
11. In Figure 6 are shown plots of kobs/[TyrOH] vs [B] for the series of bases studied ranging
from acetate (pKa=4.7) - tris (pKa=8.1).
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k obs
′
= k red K A K A [ B ]
[ TyrOH ]

(11)

These data demonstrate the generality of the MS-EPT phenomenon in the oxidation of
tyrosine for five EPT acceptor bases ranging from acetate (pKa = 4.7) to Tris (pKa = 8.1). Each
of the data points in Figure 6 is the average of 3-6 separate experimental determinations and the
standard deviation is reported as the error.
The slopes of the plots give kEPTKAKA’, the MS-EPT reactivity factor. It is the product
of the EPT rate constant and association constants KAKA’. From the data in Figure 6, kEPTKAKA’
varies from 6.5x104 M-2s-1 (acetate) to 1.1x106 M-2s-1 (Tris), with slopes and intercepts reported
in table 1. The trends in kEPTKAKA’ are consistent with earlier observations, namely that kEPT
increases with the base strength of the acceptor due to the increase in EPT driving force.15

Table 1 Slope and intercept values from plot of kobs/[TyrOH] vs [Base].
Base

Slope (M-2s-1)

Intercept (M-1s-1)

Acetate

6.5x104

167

Succinate

1.1x105

168

Histidine

2.0x105

170

Phosphate

6.7x105

175

Tris

1.1x106

198

101

Figure 6. Plots of kobs/[TyrOH] vs [base] for the base forms of added buffers from acetate to OHin 0.8 M NaCl at 23±2 °C according to eq 10. The slopes of the lines give kB = kEPTKAKA’, the
MS-EPT reactivity factor.
4.4.4 A General Role for OH-: As found for HPO42- as acceptor base in Figure 4, extrapolation of
plots of kobs vs [B] to [B] = 0 provides additional evidence for OH- as a competitive EPT
acceptor base and the general rate law in eq 12 which is analogous to eq 10. In the limit that [B]
= 0, kobs is given by eq 13.

-d[Os(bpy)33+]/dt = {ko + kOH-[OH-] + kB[B]}[Os(bpy)33+][TyrOH]
kobs[OsIII][TyrOH] (12a)
kobs = ko + kB[B] + kOH-[OH-] (12b)
kobs = ko + kOH-[OH-] (13)
Consistent with eq 13, a plot of the intercepts in Figure 6 (= ko + kOH-[OH-]) vs [OH-] is
shown in Figure 7. Also shown are data from a separate series of experiments with HPO42- as
base at pH = 6.0, 7.0, 7.5, 8.0, and 9.0. The inset in Figure 7 shows points below 3.0x10-7
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M OH-. From the slope and intercept of the line, ko = 1.7x102M-1s-1 and kOH- = 1.3x107M-2s-1 in
good agreement with the values obtained by independent measurement, 1.7x102M-1s-1 and
1.5x107M-2s-1.

Figure 7: Plot of the intercepts from Figure 6 (ko + kOH-[OH-], eq 13) vs. [OH-] (acetate (red)
succinate (orange), histidine (yellow), tris (blue) and from plots of kobs/[TyrOH] vs. [HPO42-] at
pH = 6.0, 7.0, 7.5, 8.0, and 9.0 (green).
The data in Figure 7 are shown plotted vs pH rather than vs [OH-] in Figure 8. For the
diffusional reaction, the linear dependence on [OH-] rather pH supports the origin of the apparent
“pH effect” in tyrosine oxidation to a kinetic effect rather than a thermodynamic effect. In this
interpretation the role of OH- is as a very special EPT base, see below, rather than through its
influence on ΔG.
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Figure 8: As in Figure 7 but with kobs/[TyrOH] plotted against pH rather than [OH-].

4.5 Conclusions
Our results on a diffusional analog of intramolecular tyrosine oxidation in eq 1 also
reveal a pH dependence but with a different microscopic origin from the one proposed for the
intramolecular reaction. Our results can be explained by invoking a role for OH- as a proton
acceptor in a coupled electron-transfer pathway in which the metal complex oxidant, Os(bpy)33+
acts as the electron acceptor, eq 14.

(14)

In this interpretation OH- is one of a family of aqueous bases that function as proton
acceptor bases both in proton transfer and in coupled electron-proton transfer. Comparison of the
EPT reactivity factors, kEPTKAKA’, among the EPT bases in Table 1 shows that is the most
effective base in the series, by a factor of 104 compared to the weakest base acetate. As shown
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earlier, an important factor in such comparisons is the influence of the difference in pKa between
TyrOH and the acceptor base with pKa = 4.7 for Oac- and 15.5 for OH- on the driving force for
concerted electron-proton transfer. Our results also point to complexities in interpreting apparent
“pH” effects in complex mixtures containing more that one acceptor base with contributions
from multiple bases and OH- potentially playing a role even in solutions as dilute in OH- as pH 7.
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Chapter 5
Coupled Electron Proton Transfer (EPT) in Guanine Oxidation
Reproduced in part with permission from the National Academy of Science
Christine F. Murphy, Dana R. Holcomb, Stephanie C. Weatherly, Thomas J. Meyer*, H.
Holden Thorp* Coupled Electron Proton Transfer (EPT) in Guanine Oxidation Proc.
Natl. Acad. Sci. U.S.A. 2009, manuscript in prep. © PNAS 2009

5.1 Abstract
Oxidation of guanine by the metal complex oxidant Ru(bpy)33+ (bpy is 2,2’-bipyridine),
generated chemically, or electrochemically, has been investigated in deoxyguanosine 5´monophosphate (dGMP), single-stranded (ssDNA), and double-stranded (dsDNA) DNA.
Oxidation of dGMP with added H2PO4-/HPO42-buffer over an extended range of buffer
concentrations and ratios has provided evidence for three pathways for guanine oxidation as
found earlier for tyrosine oxidation; electron transfer followed by proton transfer (ET-PT),
concerted electron proton transfer (EPT) with HPO42- acting as acceptor base, and proton
transfer followed by electron transfer (PT-ET). The latter two pathways occur following prior
H-bond association of guanine with a proton acceptor base. In media buffered by H2PO4/HPO42- , cytosine as deoxycytosine 5´-monophosphate (dCMP) competes as the EPT base in
the oxidation of dGMP or ssDNA as does cytosine in the oxidation of guanine in 1:1 MeCNH2O. There is no HPO42- dependence in the oxidation of dsDNA or of ssDNA with an added
7-mer base complement. All of these observations are consistent with cytosine acting as EPT
acceptor base. Rate constant comparisons reveal a rate enhancement of ~104 for EPT
oxidation of dGMP with HPO42- as EPT base compared to outer sphere oxidation and of ~103
for EPT with cytosine as acceptor base compared to acetate both of which have comparable
EPT driving forces. Rate comparisons show that guanine oxidation with cytosine as proton
acceptor base is comparable for guanine-cytosine pairs as separate nucleobases or in DNA.
Although guanine-cytosine EPT enhances oxidative reactivity of guanine in DNA, transfer
of the proton has a small effect on long-range hole transfer in DNA because of the similar
pKa’s of guanine+. and cytosine.
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5.2 Introduction
Oxidative stress in biological systems is caused by a cellular imbalance between
reactive intermediates and repair mechanisms for cellular damage.1-7 Of the DNA
nucleobases, guanine has the lowest one-electron redox potential (Eo(G-H+./0) = 1.58V.6 As
the thermodynamic trap for DNA oxidation it has been the focus of investigations of
oxidative damage in DNA.
Under physiological conditions, oxidation is accompanied by loss of two electrons
and one proton but the mechanism is unclear.9-14 Oxidation of deoxyguanosine decreases
pKa for the N1 proton from 9.3 in guanine (G-H) to 3.9 in guanine+/• (G-H+.) and the 1epotential for the guanine./- (G./o) couple decreases from 1.58V vs NHE to 1.27V vs NHE.7
These observations suggest a possible role for proton coupled electron transfer (PCET) in
guanine oxidation. They also suggest the potential benefit of mechanisms in which electron
transfer occurs before proton transfer (ET-PT) or in which both transfer in a concerted
manner, electron-proton transfer (EPT). EPT can have a significant advantage in avoiding
high-energy intermediates.21-23
The role of proton transfer from oxidized guanine to complementary base cytosine
(C) in DNA oxidation has been discussed by Steenken.6-8 As he noted, the pKa value for
protonation of deoxycytidine of 4.3 is comparable to that for the G-H+. radical cation.
Although pKa values in the interior of DNA are not available this suggests that deprotonation
of guanosine radical cation may not be complete with both G-H+.---C and G.--- +H-C existing
at equilibrium. Gas phase DFT calculations point to the occurrence of coupled electrontransfer (EPT) in the H-bonded ππ* guanine+/•-cytosine-/• singlet charge-transfer excited
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state.15-18 Direct evidence for guanine oxidation in DNA accompanied by proton transfer to
cytosine has been obtained by transient FTIR measurements.18
Of particular relevance to guanine oxidation in biology is a possible kinetic role for
cytosine which engages in a three point H-bond interaction with guanine in nucleic acids.
There is evidence for a role for proton coupled electron transfer (PCET), not just in proton
transfer to cytosine, but also in long range hole transfer in DNA. Giese and Wessely
demonstrated a role for cytosine, or the absence of cytosine, on hole transfer through an
abasic DNA.15 In a later study they showed that substitution of methylguanosine-5 for
guanosine did not inhibit long range hole transport.16 Similarly,Ghosh and Schuster showed
that substitution of cytosine by 5-fluoro-2´-deoxycytidine, with ΔpKa = 0.15, also did not
inhibit hole transfer.17, 24-31
We report here the results of a kinetics study designed to reveal the possible role of
EPT and its base complement cytosine in the oxidation of guanine in a variety of
environments; deoxyguanosine 5´-monophosphate (dGMP) nucleotide, single stranded DNA
(ssDNA), and double stranded DNA (dsDNA). The oxidant in these studies was Ru(bpy)33+
(bpy = 2,2´-bipyridine) generated by electrochemical, 47 and chemical oxidation. We had
reported a pH dependence in guanine oxidation in earlier work and develop that theme
further to demonstrate its origin in the base buffer component acting as a proton acceptor
base in coupled electron-proton transfer.31-34
5.3 Materials and Methods
5.3.1 DNA: All nucleotides and nucleobases were purchased from Sigma-Aldrich. All
synthetic oligonucleotides were obtained from the Lineberger Nucleic Acids Core Facility at
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UNC. Nucleotides, nucleobases and oligonucleotides were prepared using MilliQ water
unless otherwise noted. The DNA sequences used for ssDNA studies were the 15-mer
sequence 5´-AAA-TAT-AGT-ATA-AAA-3´ used previously in our laboratory10. For the
dsDNA studies, the 15-mer ssDNA sequence 5´-AAA-TAT-AGT-ATA-AAA-3´ and its 15mer complement 5´-TTT-TAT-ACT-ATA-TTT-3´ were annealed at 90°C for 5 min and
allowed to cool to room temperature. The non-electroactive complement was used in excess
to ensure all ssDNA was bound to the complement. Hybridization of the two strands was
confirmed via native gel electrophoresis. For the ssDNA in the presence of the 7-mer
complement 5´-ATA-CTA-T-3´, the 7-mer and 15-mer ssDNA (5´-AAA-TAT-AGT-ATAAAA-3´) were co-incubated at 90°C for 5 min and slow cooled to room temperature. A 2
mM excess of the 7-mer complementary strand was added to the solution to ensure that no
ssDNA with an electroactive guanine would remain exposed, although hybridization for
these studies was not confirmed.
5.3.2 General: Distilled water was further purified by using a Milli-Q Ultrapure (18 Ω) water
purification system (Millipore). The [Ru(bpy)3]Cl2 complex was purchased from Sigma
Aldrich and recrystallized in acetonitrile. The concentration and purity of the sample was
verified by a Cary 300 Bio UV-Visible Spectrophotometer (λmax at 452 nm, ε452 = 17,900 M1

cm-1). Stock solutions of sodium phosphate buffer (1:1 H2PO4-/ HPO42-; pKa 7.2) and acetic

acid/sodium acetate buffer (pKa 4.7) were prepared by using Milli-Q water. All other
reagents were ACS grade and used without additional purification.
5.3.3 Isotope Effects: To determine the isotope effects of guanine oxidation, the metal
complex, guanine, and buffers were prepared in deuterium oxide (99.9 atom %) purchased
from Sigma-Aldrich. Buffer components and dGMP were dissolved in D2O, and
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deprotonated by adding NaOD to pH 10.6. The solutions were re-acidified to pD ~ 7.4 by
adding DCl and D2O was removed by distillation. DNA oligonucleotides were dissolved in
D2O and allowed to equilibrate in D2O at 42oC for up to 24 hours to ensure proton/deuteron
exchange. NMR was used to confirm deuteration.
5.3.4 Electrodes: The working electrode was an indium tin oxide (ITO)-coated glass
electrode with a reaction area of 0.32 cm2, purchased from Delta Technologies (Stillwater,
MN). The reference electrode was a Teflon-coated Ag/AgCl micro-electrode purchased from
Cypress Systems, Inc (Lawrence, KS). The auxiliary electrode was platinum wire purchased
from Sigma-Aldrich (St. Louis, MO). ITO electrodes were treated before use by soniccation
in MilliQ water for 15 min, isopropanol for 15 min, followed by two washes with MilliQ
water for 15 min each. ITO electrodes were laid flat and allowed to dry overnight.
5.3.5 Electrochemistry: Electrochemical experiments were performed by using a
BAS100B/W series potentiostat, in a three-electrode cell described previously.35 The
potential was swept in a positive direction from 0-1.3 V. The ITO electrode was conditioned
for six consecutive scans in phosphate buffer solution, and a final background scan was
taken. A scan of buffer plus 20 µM metal complex was scanned next, and then a final scan
with buffer and 20 µM metal complex and 100 µM reductant (dGMP, ssDNA,or dsDNA) in
a total experimental volume of 50 µL. The ITO electrode was then discarded and a new
electrode was used for the next sample. Cyclic voltammograms (CV) were backgroundcorrected by subtracting buffer scans from the CVs of metal and metal + reductant. Rate
constants for CVs were determined by methods outlined previously for tyrosine oxidation in
the presence of added proton acceptors by using the digital simulation software Digisim,
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purchased through Bioanalytical Systems (West Lafayette, IN).32 The average value is
reported for each rate constant and standard error is reported.
Digital simulations were performed by using the DigiSim software package
purchased from BioAnalytical Systems (West Layfayette, IN). Diffusion constants used in
electrochemical simulations were as follows: 6.0x10-6cm2/s for Ru(bpy)33+ 1, 6.0x10-6 cm2/s
for dGMP 2, and 2.0x10-7 cm2/s for DNA3. The reduction potential of the metal complex (Eo′
= 1.26 V vs NHE for Ru(bpy)32+/3+ in 50 mM phosphate. and the heterogeneous electron
transfer rate constant (ks = 0.01 cm/s) were obtained by fitting cyclic voltammograms (CVs)
of the metal complex alone in solution.
The MS-EPT pathway was isolated under conditions where the acid concentration
was in a 10:1 excess to the proton acceptor concentration in a phosphate buffer solution.
Guanine undergoes a two-electron oxidation to form a neutral product. Both electron
transfers are present in electrochemical models. The second electron transfer is not rate
determining and is not pH dependent. The MS-EPT pathway could be simulated using the
following mechanism. Analysis of the data by this mechanism provided values for KA and
KA′kred. The onset of a second region of saturation kinetics under conditions of high
concentrations of tyrosine and base allowed for isolation of rate constants for KA´ and kred.
Scheme 2
Ru(II) Æ Ru(III) + eobs
Ru(III) + GMPH ⎯k⎯→
Ru(II) + GMPHox

Ru(III) + GMPH’ox -Æ Ru(II) + GMPH’’ox
rate = kobs [GMPH]
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Free energy investigations through variation of buffer base were performed in 0.5M
buffer at 23±2°C over a 0.3eV range using acetate (4.7), succinate dianion (5.6), histidine
(6.6), HPO42-(7.2), and tris (8.1) with oxidants Fe(bpy)33+ (1.05V vs NHE), Ru(dmb)33+
(1.07V vs NHE), Ru(bpy)(dmb)23+ (1.1V vs NHE), and Ru(bpy)33+ (1.3V vs NHE). Cyclic
voltammograms were simulated using the mechanism outlined in scheme 2 for Ru(bpy)33+.
The studies were performed under saturation conditions in buffer, though resolution of
KA´kred was not performed.
The mechanism used for the deprotonation pathway is shown below. The
deprotonation pathway was selected for proton acceptor concentrations that exceeded a 10:1
excess to the acid concentration. The kinetic constants obtained from these fits were KA, k1,
k-1, and k2. The CVs were fit by Digisim using the deprotonation mechanism reported
Scheme3, where the proton acceptor is (B).

Scheme 3

Ru(II) Æ Ru(III) + eGMPH Æ GMP + H
HB Æ H + B
GMPH + B Æ GMP + HB
GMP + Ru(III) Æ GMP’ + Ru(II)
GMP’ + Ru(III) Æ GMP’’ + Ru(II)

5.3.6 Mixing Studies: Mixing experiments were used to monitor the oxidation of guanine by
Ru(bpy)33+. Stock solutions of Ru(bpy)33+ were prepared by bubbling Cl2 gas through a [Ru(bpy)3]Cl2
solution in water. Before use in kinetics experiments, the reaction cell was purged with argon gas to
ensure removal of excess Cl2. Decomposition of Ru(bpy)33+ was monitored by absorption-time
measurements at λmax = 452 nm for Ru(bpy)32+ and found to be sufficiently slow on the time scale of
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the experiments to not be an interference. In rate measurements of oxidation of dGMP, varying
concentrations of dGMP (1.0x10-3-3.0x10-4 M) were mixed with a varying concentration of
Ru(bpy)33+ (1.0-5.0x10-5M) and the time of conversion from Ru(III) to Ru(II) was monitored
spectrophotometrically at 452 nm and the data was analyzed using eq 6. The rate constant, kobs, was
determined under pseudo-first order conditions in dGMP. The kobs value was obtained as the slope of
a plot of kobs vs [dGMP].

⎛ Abs∞ − Abs t ⎞
⎟⎟ = k obs t (6)
Ln⎜⎜
−
Abs
Abs
∞
0 ⎠
⎝
The same procedure was applied to the oxidation of guanine by Ru(bpy)33+ in the
presence of cytosine in 1:1 v:v CH3CN:H2O and the data was analyzed using eq 6. The
concentration of cytosine was varied between 0.1-1.0x10-3 M. in the presence of 0.1-1.0x10-3
M guanine and 1.0x10-5 M Ru(bpy)33+ and reaction progress monitored at 452 nm (Figure 1).
The EPT rate constant (KAKA´kred) was obtained from plots of kobs/[dGMP] vs [dCMP].

Figure 1 Absorbance over time plot for the reaction of 1.0x10-3M guanine with 2.0x10-4M
cytosine in 1:1 v:v CH3CN:H2O
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3.5 Results and Discussion
3.5.1 Oxidation of dGMP
Experimental Evidence for Coupled Electron-Proton Transfer. Ru(bpy)32+ undergoes a
reversible 1 electron oxidation to form Ru(bpy)33+ (Eq 1). Oxidation of dGMP by Ru(bpy)33+
at pH 2.8 in sodium phosphate/sodium citrate buffer at 23±2°C occurs with kobs= 2.6x102 M1 -1

s as monitored spectrophotometrically by stopped flow.33,34 Assuming the 2e- oxidation

stoichiometry found earlier for electrocatalytic guanine oxidation,31,33-37 gives k = 2.6x102 M1 -1

s for initial outer sphere electron transfer oxidation of dGMP followed by further rapid

oxidation and proton loss, eq 2a. Two electron oxidation of guanine gives 8-oxoguanosine as
product (Eq 2b).
+ e−

Ru (bpy) 32+ ↔− Ru (bpy) 33+ (1)
−e

Ru (bpy) 33+ + dGMP → Ru (bpy) 32 + + dGMP • / + (2a)

Ru (bpy) 33+ + dGMP • / + → Ru (bpy) 32 + + dGMPox (2b)

Addition of H2PO4-/HPO42- buffer catalyzed the reaction. Catalysis was investigated
by an electrochemical (cyclic voltammetry) procedure, Experimental, used extensively to
investigate DNA oxidation.16,47 In this procedure the metal complex becomes a redox
mediator, undergoing re-oxidation to Ru(bpy)33+ at the electrode following reduction (eq 1),
resulting in electrocatalytic oxidation of guanine. Catalyic voltammetric wave forms were
analyzed by digital simulation to yield rate constants for guanine oxidation. Voltammograms
were recorded over a wide range of dGMP 0.1-1.0x10-3M and Ru(bpy)33+ (1.0-5.0x10-5)
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concentrations and H2PO4-/HPO42- buffer concentrations (0.01-1.6M buffer) and buffer ratios
(15:1 excess of acid-15:1 excess of base).
The magnitude of the electrocatalytic effect varies with added GMP, HPO42-, and
metal complex in a complex way consistent with the rate law in eq 3 derived from the
mechanism shown in Scheme 1. It is analogous to a kinetic scheme identified earlier for
tyrosine oxidation by Ru(bpy)33+ and related metal complex oxidants.32,38 In eq 3, [dGMP]T is
the total concentration of dGMP. The electrocatalytic studies were carried out at 23±2°C in
aqueous phosphate solution.

−

⎞
k 1k 2
d[Ru(III)] ⎡ K A [HPO24− ][GMP]T ⎤⎛ ′
⎟[Ru(III)] (3a)
=⎢
⎥⎜⎜ K A k red +
−
2−
dt
k −1[H 2 PO4 ] + k 2 [Ru(III)] ⎟⎠
⎣ 1 + K A [HPO4
⎦⎝

−

d[Ru (III)]
= k obs [GMP][Ru (III)] (3b)
dt
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⎛
⎞
k obs
K A k 1k 2
′
⎟[HPO 4 2 − ] (3c)
= ⎜⎜ K A K A k red +
−
[GMP ] ⎝
k −1[H 2 PO 4 ] + k 2 [Ru (III)] ⎟⎠

The rate law was tested by varying concentrations of reactants to achieve limiting
forms. At relatively high concentrations of the acid form of the buffer with [H2PO4-]/ [HPO42] > 10, the pathway labeled MS-EPT (Multisite-Electron Proton Transfer, see below)
dominates and the rate law becomes eq 4. Under these conditions dGMP exists dominantly as
a, presumably, H-bonded adduct with buffer base HPO42-. The predicted saturation kinetics
are observed at relatively high [HPO42-] (> 50 mM) Figure 2, from which KA = 114.3±0.1 M1

. A second saturation region region is reached in solutions high in both [HPO42-] and

[dGMP], Figure 3, from which KA’= 26.3±0.2 M-1 and kred = 3.3±0.4x106 s-1 with the latter
the rate constant for coupled electron-proton transfer within the association complex between
dGMP and the base.
k obs
′
= K A K A k red [HPO 24 − ] (4a)
[GMP ]
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Figure 2: Plot of kobs/[GMPH] vs [HPO42-] exhibiting saturation kinetics at concentrations of
HPO42- . Cyclic voltammetric studies were performed in 1.0x10-4M dGMP with 2.0x10-5M
Ru(bpy)33+ in varied amounts of phosphate at 23±2ºC.

Figure 3: Plot of kobs/[GMPH] vs [Ru(bpy)33+] exhibiting saturation kinetics at high
concentrations of association complex. Experimental data was obtained through cyclic
voltammetric studies at 0.5M phosphate buffer in 1.0x10-4M in GMPH at 23±2ºC.
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Similarly, with [HPO42-]/ [HPO42-] < 10, the pathway labeled PT-ET (proton transfer
followed by electron transfer) in Scheme 1 dominates. In the limit that k2[Ru(bpy)33+] >> k1[H2PO4

-

], the general rate law in eq 3 reduces to eq 4b with kobs becoming independent of

[Ru(bpy)33+], from which k1 = 5.0±0.3x104s-1 with k1 the rate constant for proton transfer
within the association complex.
k obs
= K A k 1[HPO 24 − ] (4b)
[GMP ]

The rate constant for k2 was determined by cyclic voltammetric studies on the
deprotonated GMP species where k2 was determined to be 1.1±0.2x107M-1s-1. With the value
of k2 available by independent measurement, k-1 was determined by simulation of
voltammograms under conditions where [HPO42-] was held constant and [H2PO4-] was varied
between 0.002M-1.48M where k-1=2.1±0.8x109M-1s-1 was determined from the slope of the
line from plots of kobs vs [H2PO4-]-1.

In Table 1 are listed rate and equilibrium constants obtained for dGMP oxidation by
Ru(bpy)33+. For purposes of comparison they are compared with values obtained for
oxidation of tyrosine by the same oxidant in Table 1.
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Substrate

KA(M-1)

GMP

114±2

TyrOH

30±1

k1(s-1)

k-1(M-1s-1)

k2(M-1s-1)

KA’(M-1)

kred(M-1s-1)

5.0±0.3x104 2.1±0.8x109 1.1±0.2x107

26.3±0.2

3.3±0.4x106

3.3±0.1x105 7.8±0.4x109 1.7±0.3x107

22.2±0.1

4.4±0.5x107

Table 1. Kinetic parameters for EPT oxidation of dGMP and TyrOH by Ru(bpy)33+ with
HPO42- as base at 23±0.2°C with total phosphate = 0.01- 1.6 M for dGMP and TyrOH
oxidation and in 0.8 M NaCl for tyrosine. Values reported are the average value determined
for each rate constant and the standard deviation is reported as error. Note Scheme 1.

The electrochemical technique was also used to investigate oxidation of dGMP by
Ru(bpy)33+ in D2O and H2O/D2O mixtures under the same conditions. Key H2O/D2O kinetic
isotope effect (KIE) results are: kred (H2O)/ kred(D2O) = 2.4±0.4 for the EPT step and k1 =
1.3±0.2, for proton loss within the association complex. There is an equilibrium isotope
effect for the association complex of KA(H2O)/KA(D2O)=1.2±0.1.
In Figure 4 is shows the magnitude of the isotope effect for dGMP. The magnitude of the
KIE is consistent with a EPT pathway and the linearity of the plot with transfer of a single
proton in the coupled step.38
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Figure 4: Cyclic voltammograms obtained in protonated (red) and deuterated (blue) solution
in 0.5M phosphate buffer at pH 6.0 phosphate buffer. The cyclic voltammogram in H2O
shows significantly greater current enhancement over the cylic voltammogram in deuterated
solution.
EPT in the Oxidation of dGMP. The results of the kinetic study with added HPO42-/HPO42buffer are consistent with Scheme 1. As noted above, an analogous scheme has been
observed in the oxidation of tyrosine by Ru(bpy)33+ and related metal complex oxidants.32,39
In this scheme there are two pathways for the observed rate enhancement with added buffer
base. In both the key to rate enhancement is preliminary formation of a, presumably, Hbonded adduct with added base, G-H---OPO3H2-, followed by competitive proton loss and
rapid oxidation of deprotonated dGMP, eq 4b, or oxidation of the adduct by Ru(bpy)33+, eq
4a. In the latter pathway coupled electron-proton transfer occurs but with different electron
and proton acceptors; Ru(bpy)33+ for the transferred electron, and HPO42- for the proton.
Pathways of this kind have been described as Multiple Site-Electron Proton Transfer (MSEPT) illustrated in scheme 2.
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Scheme 2

Rate comparisons reveal a significant rate advantage of MS-EPT in eq 5 over electron
transfer (ET) in eq 2 of ~104. Oxidation of the dGMP-HPO42- association complex by
Ru(bpy)33+ by the MS-EPT pathway occurs by KAKA´kred = 2.2±0.5x106 M-2s-1, Scheme 1,
compared to kET = 3.6±0.5x102 M-1s-1 for outer sphere electron transfer.
MS-EPT is a more complex process microscopically since it involves both electron
and proton transfer.40,41 The origin of the rate enhancement is a more favorable driving force
arising from the enhanced acidity of dGMP+/• (pKa = 3.9) compared to dGMP (pKa = 9.3) .
Neglecting the difference in ΔGo values for formation of H-bonded adducts before, G-H +
HPO42- → G-H---OPO2OH2-, and after the EPT step, G-.---H-OPO2OH- → G-. + H-OPO2OH-,
ΔGEPTo´ = -0.2 eV compared to ΔGETo´ = 0.32 eV for outer sphere electron transfer .7
For purposes of later rate comparisons, the EPT reactivity factor, which is the
product of the association constants KA and KA’ in Scheme 1 and the EPT rate constant, kEPT,
is KAKA’kred = 2.2±0.5x106 M-2s-1. It is a kinetically useful quantity for rate comparisons,
obtained experimentally under conditions dilute in reactants. The experimental value of
KAKA’kred for dGMP with phosphate buffer was verified independently by stopped flow
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measurements.42 From those measurements KAKA’kred = 1.5±0.1x106M-2s-1 at 23±2°C in
0.8M NaCl.
Although not studied in detail here, there is also evidence for OH- as EPT base as
documented in detail for TyrOH elsewhere. 43 Evidence for this pathway comes from rate
enhancement for oxidation of dGMP by Ru(bpy)33+, eq 2, from kET = 2.6x102 M-1s-1 at
pH=2.8 to kET = 3.6±0.5x102 M-1s-1 in un-buffered solution aqueous solution at pH = 7 in
0.8M NaCl at 23±2°C.
EPT Oxidation of dGMP General Base Catalysis: The oxidation mechanism of dGMP was
investigated further through variation of the proton acceptor. The buffer base was varied
from acetate pKa=4.7 to tris pKa=8.1. Catalytic current is responsive to base strength,
showing a large increase in peak current as base strength increased from acetate to tris base.
Digital simulation of cyclic voltammograms 1.0x10-4M dGMP with 2.0x10-5M Ru(bpy)33+ in
0.5 M buffer (10:1 Base:Acid) showed a 104 increase in rate from acetate to tris.
The role of free energy change was examined through variation of both the base and the
oxidant. Variation of the oxidant over a 0.3eV range resulted in a linear dependence on
oxidant strength with a slope of the line of 0.60 in 0.5M phosphate buffered solution at
23±2°C (Figure 5a). Variation of base strength over a 0.2eV range resulted in a linear
dependence on base strength with a slope of 0.54 using Ru(bpy)33+ as the electron acceptor in
0.5M buffered solution at 23±2°C (Figure 5b). ∆G was calculated using eq 5. Deviation
from the expected Marcus value of 0.5 is expected in electron transfer reactions involving a
proton in the rate determining step which is consistent with a concerted transfer through a
hydrogen bonded adduct.44,45
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Figure 5: A) Variation of RTLnkEPT through variation of oxidant strength from Fe(bpy)33+ at
1.05V vs NHE to Ru(bpy)33+ at 1.25V vs NHE. The slope of the line is 0.6. B) Variation of
RTLnkEPT through variation of base strength from acetate pKa=4.7 to tris pKa=8.1. The slope
of the line is 0.54. Each investigation used 1.0x10-4M dGMP with 2.0x10-5M M(bpy)33+ in
0.5M buffer at 23±2°C.

The role of free energy was investigated further through variation of both the oxidant
and the base simultaneously. The result on RTLnkEPT through variation of both base and
oxidant results in a quadratic like dependence (Figure 6). These results are important
because they further demonstrate the systematic dependence on ΔGo´ that exists for EPT
despite how the free energy is varied as found initially for tyrosine.38

Figure 6: Variation of RTln(kred) vs -ΔGo’ in eV by varying both Eo’ for the oxidant and pKa
for the acceptor base.
5.5.2 EPT Oxidation of dGMP and Guanine with Added dCMP and Cytosine
Oxidation of dGMP by Ru(bpy)33+ was investigated by cyclic voltammetry in H2PO4/HPO42- buffer with added dCMP. Due to limited solubility a relatively narrow concentration
range in dCMP, 0.1-1.0x10-3M, was investigated. Voltammetric responses in solutions 0.1
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mM in dGMP and 0.02 mM in Ru(bpy)32+ in 100 mM phosphate buffer (pH 7.0) with added
dCMP showed significant current enhancements relative to enhancements observed with
added phosphate buffer alone, Figure7. Current enhancements varied linearly with added
dCMP over the concentration range 0.1-1.0x10-3M.

Figure 7: Red Line: Cyclic voltammogram of 0.02mM Ru(bpy)32+ in the presence of 100 µM
dGMP (in 100 mM phosphate buffer at pH 7.5). The EPT rate constant for this reaction is
2.2x106 M-1s-1. Blue Line: Cyclic voltammogram of 20 µM Ru(bpy)32+, in the presence of
100 µM dGMP, 100 µM dCMP (in 100 mM phosphate buffer pH 7.0).

Analysis of voltammograms for enhanced electrocatalytic oxidation of dGMP
compared to the [HPO42-]/ [HPO42-] buffer background by digital simulation gave for the
EPT reactivity factor, kredKAKA’ = 5.5±0.1x106 M-2s-1.
An ambiguity exists in interpreting rate enhancements induced by dCMP since the
EPT effect could be due to H-bonding through the nucleobase or phosphate (pKa,1 = 2.7). To
probe the role of cytosine as EPT base in guanine oxidation we conducted a series of
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experiments in 1:1 v:v H2O:CH3CN mixtures. With this solvent mixture sufficient solubility
was achieved to investigate guanine oxidation by Ru(bpy)33+ over an extended concentration
range. The reaction was investigated by mixing with spectrophotometric monitoring of the
growth of Ru(bpy)32+at λmax = 452 nm. Reaction conditions were pseudo first order in
cytosine (0.1-1.0x10-3M) with guanine varied from 0.1-0.5x10-3M. From the intercept of the
plot of kobs vs. [cytosine] in Figure 8, KAKA’kred = 7.5±0.9x105 M-2s-1 at 23±2oC. This is
comparable to but less than the EPT reactivity factor for dCMP in 0.1M phosphate buffer at
23±2oC for which KAKA’kred = 5.5±0.1x106 M-2s-1, Table 1. The higher value may be largely
due to electrostatic enhancement in the association complex for dCMP, Ru(bpy)33+,(dGMP--dCMP)4-, and a larger value for KA’ in Scheme 1 with comparable reactivity for cytosine and
dCMP as EPT proton acceptor bases.

Figure 8: Plot of kobs vs [Cytosine]. Studies done spectochemically monitored Ru(bpy)32+
formation over time. A series of [Cytosine] concentrations (1.0x10-3-1.0x10-4M) were used
and the slope of the line reflects the reactivity factor of KAKA’kred using cytosine as a proton
acceptor.
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The magnitudes of the KAKA’kred values for dCMP and cytosine point to a special
kinetic enhancement for cytosine as an EPT proton acceptor. This conclusion follows from
experiments on dGMP oxidation by Ru(bpy)33+ in acetic acid/acetate
(HOac/Oac-) buffer solutions with Oac- as the EPT base. These experiments were carried out
as described for the HPO42-/ HPO42- buffer with HPO42- as base by simulation of cyclic
voltammograms but over a relatively limited concentration range with [HOac]/ [Oac-] > 10.
Based on the results of digital simulations, KAKA’kred = 2.4±0.4x103M-2s-1 ( at 23±2°C). The
electrochemical rate constant was verified independently spectrophotometrically.
This is an important comparison. Acetate and dGMP have comparable pKa’s with
pKa(dCMP) = 4.3 for cytosine and pKa(HOac) = 4.7. Given the comparable pKa values, the
driving forces for MS-EPT are comparable for the two oxidations, Ru(bpy)33+,G-H---OAc→ Ru(bpy)32+,G. ---H-OAc and Ru(bpy)33+,G-H---C → Ru(bpy)32+,G. ---+H-C, with ΔGo ~ 0.04 eV. Even though driving forces are comparable, EPT is favored for cytosine as proton
acceptor base kinetically by ~103.
5.4.3 Oxidation of ssDNA
In an extension of earlier work by Weatherly et al, 33,34,42 guanine oxidation in ssDNA
and dsDNA was also studied by the catalytic electrochemical technique. Oxidation of
guanine in the 15-mer ssDNA 5´-AAA-TAT-AGT-ATA-AAA-3´ by Ru(bpy)33+ was
investigated with added H2PO4-/ HPO42- buffer by using the same conditions as oxidation of
dGMP. Catalytic currents increased with increasing concentrations of HPO42-as in oxidation
of dGMP, Figure 9a. Digital simulation of cyclic voltammograms in phosphate buffer
resulted in a rate constant of KAKA’kred= 9.0±0.2x105 M-2s-1.
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Figure 9 A) Cyclic voltammograms of 20 µM Ru(bpy)32+ in the presence of 100 µM ssDNA
and increasing concentrations of phosphate buffer (10-50 mM) at pH 7.0.The cyclic
voltammograms show an increase in oxidative current as a function of phosphate
concentration. B) Cyclic voltammograms of 20 µM Ru(bpy)32+ in the presence of 100 µM
dsDNA and increasing concentrations of phosphate buffer (10-50 mM) at pH 7.0. The cyclic
voltammograms show no change in oxidative current as a function of phosphate
concentration.

Isotope studies in deuterated solution at pD =7.4 resulted in a kinetic isotope effect of
1.4±0.1 for ssDNA with phosphate acting as a proton acceptor for the buffer dependent
oxidation of ssDNA. The oxidation mechanism of ssDNA was examined by stopped flow in
sodium phosphate/sodium citrate buffer in the pH range of 2.8-6.5. Rate constants (kobs) are
consistent with an increase in concentration of base in solution (Figure 10).
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Figure 10: Plot of kobs/[GMP] vs [HPO42-] as measured by stopped flow in phosphate/citrate
buffered solution at pH 2.2-6.8 a phosphate concentration of 1.0x10-4-0.03M. The plot is
consistent with ssDNA data obtained by electrochemical and spectrochemical techniques and
exhibits a first order dependence on phosphate.
5.4.4 Oxidation of ssDNA with a Base Complement
Guanine oxidation by Ru(bpy)33+ in the ssDNA 5´AAA-TAT-AGT-ATA-AAA3´
was studied electrochemically in the presence of either 0.1x10-3 M dCMP or 0.1x10-3M of
the complementary 7-mer ssDNA 5´-ATA-CTA-T-3´. In these experiments, the
concentration of phosphate was 100 mM, pH=7.0, and 1.5 excess of the acidic form of the
buffer with buffer base induced reactivity dominated by the MS-EPT pathway in Scheme 1.
Significant current enhancements were observed with both added dCMP and the 7mer DNA complement over 0.1M phosphate background. Analysis of the enhanced currenttime profiles with 0.1 to 1.0x10-3 M dCMP by digital simulation gave KAKA’kred =
1.6±0.5x106 M-2s-1 Figure 11.
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Figure 11: Experimental cyclic voltammogram (solid line) overlaid with digital simulation of
1.0x10-4M dGMP with 1.0x10-3M dCMP in 0.1M pH 7.0 phosphate buffer at 23±2ºC.
Digital simulation parameters using eq SI 5-SI 8 resulted in a kobs = 5.5x106M-1s-1.

In the oxidation of the ssDNA at 0.1x10-3 M in the presence of 1.0x10-3 M of the
7mer complement, the voltammetric profiles were insensitive to the concentration of added
phosphate buffer from 0.01 to 0.05 M at pH = 7.0. Current enhancements compared to
background were directly attributable to the 7mer complement. Digital simulation of the
current-potential profiles gave kobs = 1.1±0.3x106 M-1s-1..
Rate enhancement with the added 7-mer complement provides evidence for the
expected guanine-cytosine hybridization and formation of the 15-mer/7-mer complex.
5.4.5 Oxidation of dsDNA
In a final set of experiments, oxidation of dsDNA by Ru(bpy)33+ was also investigated
by the electrocatalytic technique. The 15-mer ssDNA containing guanine was annealed to its
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15-mer complementary strand (which was present in excess), and hybridization was verified
by gel electrophoresis . Oxidation of the hybridized dsDNA was investigated
electrochemically under the same conditions as in the ssDNA studies with 0.1-0.5M
phosphate buffer at pH 7.0 with [ssDNA] = 0.1mM and [ssComplement] = 2mM.34 Digital
simulation of cyclic voltammograms gave 2.5±0.6x106 M-1s-1.
As for the ssDNA/7-mer complement, the current-time profiles of the
voltammograms were independent of phosphate concentration over the range 10-50 mM in
H2PO4-/ HPO42- at pH = 7 (Figure 10 B). Digital simulation of voltammograms in D2O at pD
= 7.4, gave kobs = 1.1±0.3x106 M-1s-1. and the KIE, kobs(H2O)/ kobs(D2O) = 1.5±0.4. This
value is in good agreement with previously reported KIE values for guanine oxidation in
DNA.33,34,42
In an independent study, oxidation of the dsDNA 5´TAG-TTGAGTATGTTGAGTTGAGTAGTGT 3´ with its complement
5´ACACTACTCAACTACATACTCAACTA3´ by Ru(bpy)33+ was investigated by the
stopped flow technique.42 In this study the influence of [HPO42-] and pH over the pH range
2.6-6.8 was also investigated with no significant rate enhancement as a function of buffer
concentration consistent with C acting as a proton acceptor in dsDNA,Figure 11.
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Figure 11: Plot of kobs/[GMP] vs [HPO42-] as measured by stopped flow in phosphate/citrate
buffered solution at pH 2.2-6.8 a phosphate concentration of 1.0x10-4-0.03M. The plot is
consistent with dsDNA data obtained by electrochemical and spectrochemical techniques and
a phosphate dependence is not observed.

We explored the H-bonding affinity between guanine and cytosine in solution is low;
however, from comparison of voltometric experiments for annealed dsDNA compared to
values obtained for guanine in ssDNA and mononucleotide environments, we obtained an
association constant of KA = 3.0 ± 0.7 M-1, which is in good agreement with literature data
obtained by NMR in DMF and DMSO at 23±2°C.46,47
5.5 Conclusions
5.5.1 Concerted Electron-Proton Transfer in Guanine Oxidation
The results on oxidation of dGMP by Ru(bpy)33+ over extended pH and buffer base
concentration ranges are consistent with Scheme 1. It explains the origin of rate
enhancements with added buffer to initial formation of a H-bonded adduct between the
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buffer base and dGMP which enables two pathways for oxidation; initial proton loss
followed by rapid oxidation of dGMP(-H+) (PT-ET in Scheme 1) and concerted or coupled
electron-proton transfer within an association complex with the oxidant (MS-EPT in
Scheme1). The critical factor in both pathways is prior H-bonding and use of the buffer base
as a proton acceptor. Comparison of kinetic parameters for oxidation of dGMP and tyrosine
(TyrOH) in Table 1 suggests the generality of these coupled pathways and parallel
mechanisms have been identified in the oxidation of cysteine and tryptophan.48
Results obtained here and for TyrOH oxidation reveal a complex mechanistic
hierarchy in the oxidations of both amino acid and nucleobase. In aqueous solutions with
added bases four distinct mechanistic pathways have been identified: 1) Outer-sphere
oxidation of dGMP, eq 1(ET); 2) Proton loss followed outer-sphere oxidation of dGMP(-H+)
(PT-ET); 3) Multiple Site-Electron Transfer (MS-EPT) with electron transfer to the oxidant
and proton transfer to an acceptor base (MS-EPT); 4) MS-EPT but with OH- as acceptor
base. As noted above, MS-EPT is more complex microscopically, given the demands arising
from transfer of the proton13,40,41 but has the advantage of avoiding the high energy
intermediate dGMP+. with Eo’(dGMP+./o) = 1.58 V vs NHE.7 The driving force for oxidation
of the anion dGMP(-H+) by Ru(bpy)33+ is favorable (ΔGo’ = -0.36 eV) and oxidation is rapid
with k = 1.1±0.2x107M-1s-1 in phosphate buffer at 23±2°C but, given pKa(dGMP) = 9.3, it is
present in appreciable concentrations only at high pH. Oxidation of dGMP through variation
of oxidant and base indicates that the reaction is insensitive to how driving force is varied as
well as to the necessity to move the proton and electron simultaneously as found previously
for tyrosine.38 It also indicates the previously reported pH dependence in buffered solution is
better attributed to the concentration and type of proton acceptor in solution.34
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5.5.2 Cytosine as Electron-Proton Transfer Base in Guanine Oxidation
Given pKa = 4.3 for deoxycytidine and 3.9 for deoxyguanine radical cation, guanine+.,
the driving force for proton transfer following oxidation, guanine+. + cytosine → guanine.(H+) + cytosine-H+, is small, ~ 0.02eV.17 These are solution values and the driving force for
proton transfer in dsDNA may be considerably different. However, as noted in the
Introduction, there is transient IR evidence that oxidation of guanine in DNA is accompanied
by proton transfer to cytosine. 18
There is clear evidence in our data for kinetic involvement of cytosine as an EPT
acceptor base in guanine oxidation, in fact, as an exceptional base. Even given comparable
pKa’s, and ΔGo values for EPT, cytosine has a ~103 rate advantage over acetate as EPT
acceptor base. In an earlier study it was shown that rate constants for EPT oxidation of
tyrosine by a series of bases ranging from acetate to tris vary systematically with –ΔGo.38.
The same is true for HPO42- as a competitive EPT acceptor base. Even in solutions with
relatively high concentrations of HPO42-, dCMP contributes to oxidation catalysis. MS-EPT
with cytosine as acceptor base is illustrated in Scheme 5.
Scheme 5

The origin of the kinetic enhancement is not in a highly favorable interaction in the
guanine-cytosine association complex. From the spectrochemical study in 1:1 V:V MeCNH2O, KA = 3.0±0.7.
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The importance of cytosine as EPT acceptor base appears in the data for oxidation of
guanine in dGMP, guanine in 1:1 V:V MeCN-H2O, the ssDNA, and in dsDNA. In oxidation
of the ssDNA with its 7-mer partial complement HPO42- there is no evidence for HPO42- as a
competitive EPT base. Similarly, in oxidation of the ssDNA with its full ssDNA complement
there is no evidence for competition with cytosine in the double stranded helix by HPO42-.
Rate comparisons between pre-formed guanine-cytosine pairs in dsDNA and ssDNA
with the 7-mer partial complement and the diffusional reactions are made in Table 2. A
striking observation is that the EPT reactivity factor, KAKA’kred, for Ru(bpy)33+ oxidation of
guanine with cytosine as the proton acceptor falls in a narrow range. This is true with
guanine and cytosine as nucleosides or short oligonucleotides (Table 2).
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G-H-adduct

KA KA’kred
(M-2s1)

dGMP-OAc-a

3.5±0.7x103

dGMP-HPO42-b

1.5±0.1x106

dGMP-dCMPc

5.5±0.1x106

G-Ca*

7.5±0.9x105

ssDNA-HPO42-

9.0±0.2x105

c

ssDNA-dCMPc

1.6±0.5x106

ssDNA-7merc

KA´kred=1.1±0.3x106

dsDNAc

KA´kred
=2.5±0.6x106

Table 2. Kinetic data for Ru(bpy)33+ EPT oxidation of guanine, guanine monophosphate
(dGMP), or guanine in single (ss-DNA)-or double-stranded DNA (dsDNA) with cytosine as
acceptor base either as cytosine, cytosine monophosphate (dCMP), or in 7-mer or complete
ssDNA complements. Values of KA’kred, Scheme 1, are cited in 0.05M phosphate at 23±2°C
and were obtained by voltammetric or spectrophotometric methods, see text. Measurements
are reported using spectrochemical (a) stopped flow (b) and electrochemical (c) techniques.
*A 1:1 v:v acetonitrile:water solution was used as a solvent in G-C studies.

Comparable reactivity toward EPT oxidation also exists between the diffusional
reactions and ss and dsDNA complements with preformed guanine-cytosine adducts, Table
2. As noted above, from the results on Ru(bpy)33+ oxidation of guanine with cytosine in 1:1
MeCN-H2O, KA ~ 3. With KA values of this magnitude, the quantities kredKAKA’ for the
diffusional reactions and kredKA’ for the DNA adducts KA´kred for EPT oxidation within the
H-bonded hybrids are within a factor of ~8 throughout the entire series.
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There is no evidence in these data for an appreciable role for π-stacking between
adjacent nucleosides in ssDNA or dsDNA MS-EPT oxidation.
Electron-Proton Transfer Base in Guanine Oxidation and DNA Hole Transport
Our results reinforce the suggestion that PCET plays a role in guanine oxidation in
DNA.6-8 They point to an important kinetic role for coupled electron-proton transfer with
transfer of the electron to an external oxidant and simultaneous proton transfer to cytosine,
Scheme 3. MS-EPT provides a considerable rate advantage by avoiding guanine+. as an
intermediate. This is illustrated by comparing the rate constant for Ru(bpy)33+ oxidation of
the dGMP-HPO42- association complex by MS-EPT with kredKA = 3.3±0.4x106 M-1s-1 with
kET = 3.6±0.5x102 M-1s-1 for outer sphere oxidation of dGMP to give dGMP+..
Loss of an electron from DNA generates a radical cation (“hole”) that migrates
through the base stacks by electron transfer hopping. Hole transfer continues until the hole is
trapped irreversibly, usually at a guanine or Gn sequence where a chemical reaction with
H2O or O2 occurs.28,49-55 An important issue to consider is a possible role for EPT in these
transfers.
Hole transport between adjacent guanine-cytosine (G-H---C) pairs by electron
transfer and EPT are shown in Scheme 4 with the latter illustrated below. Site-to-site EPT
“self-exchange” in eq 6a occurs with ΔGEPTo´ = 0. It offers a pathway for long-distance hole
(electron) transfer coupled with local proton transfer and no requirement for coupled longrange proton transfer.
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Electron transfer without proton transfer, eq 6b, would give initially the high energy,
guanine radical cation, G-H+•---C. Electron transfer occurs with ΔGETo´~ +0.32 eV followed
by proton transfer with ΔGo´~ -0.32.
Scheme 6

G-H---C + G.---+H-C → G.---+H-C + G-H---C: ΔGEPTo´= 0 (6a)
G-H---C + G.---+H-C → G-H+.---C + G----+H-C: ΔGETo´~ +0.32 eV (6b)
G-H+.---C + G----+H-C → G-H+.---C + G-H---C
Even though EPT is favored energetically there is clear evidence that long-range hole
transfer occurs by electron transfer. Results obtained by Giese and Wessely with abasic
methylguanosine show that hole transport can continue by electron transfer even in the
absence of its base complement.15,16 Similarly, Ghosh and Schuster found that exchange of
cytosine in DNA by 5-fluoro-2´-deoxycytidines, which is less basic than cytosine by ΔpKa =
1.7, did not inhibit hole transfer.20 EPT may be favored energetically but is microscopically
more complex. The two pathways are known to be competitive in the oxidation of tyrosine,
for example.32,38
These observations point to another pathway for hole transfer, one that avoids the
energetically unfavorable oxidation of G-H by G+. exploiting the small driving force for
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proton transfer from G-H+. to C. As shown in eq 7, it involves initial internal proton transfer
and electron transfer “self exchange” between nucleobases on neighboring stacks.
G.---+H-C + G-H---C → G-H+.---C + G-H---C

(7a)

G-H+.---C + G-H---C → G-H---C + G-H+.---C (7b)

Our results provide insight into a possible role for proton transfer and coupled
electron-proton transfer in initial oxidation of DNA. In dsDNA the existence of
complementary base cytosine enhances oxidative reactivity. Once oxidation has occurred, the
close match in pKa values between guanine radical cation (G-H+.) and protonated cytosine
(+H-C) provides a pathway for long range electron transfer without complications from
coupled proton transfer (Scheme 7).

Scheme 7
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