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Abstract
Transient tyrosine and tryptophan radicals play key roles in the electron transfer (ET) reactions of 
photosystem (PS) II, ribonucleotide reductase (RNR), photolyase, and many other proteins. 
However, Tyr and Trp are not functionally interchangeable, and the factors controlling their 
reactivity are often unclear. Cytochrome c peroxidase (CcP) employs a Trp191•+ radical to oxidize 
reduced cytochrome c (Cc). Although a Tyr191 replacement also forms a stable radical, it does not 
support rapid ET from Cc. Here we probe the redox properties of CcP Y191 by non-natural amino 
acid substitution, altering the ET driving force and manipulating the protic environment of Y191. 
Higher potential fluorotyrosine residues increase ET rates marginally, but only addition of a 
hydrogen bond donor to Tyr191• (via Leu232His or Glu) substantially alters activity by increasing 
the ET rate by nearly 30-fold. ESR and ESEEM spectroscopies, crystallography, and pH-
dependent ET kinetics provide strong evidence for hydrogen bond formation to Y191• by His232/
Glu232. Rate measurements and rapid freeze quench ESR spectroscopy further reveal differences 
in radical propagation and Cc oxidation that support an increased Y191• formal potential of ~200 
mV in the presence of E232. Hence, Y191 inactivity results from a potential drop owing to Y191•+ 

deprotonation. Incorporation of a well-positioned base to accept and donate back a hydrogen bond 
upshifts the Tyr• potential into a range where it can effectively oxidize Cc. These findings have 
implications for the YZ/YD radicals of PS II, hole-hopping in RNR and cryptochrome, and 
engineering proteins for long-range ET reactions.

Graphical Abstract

*Corresponding Author bc69@cornell.edu. 
Supporting Information
The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/jacs.9b05715.
Materials and methods; Supplementary Figures 1 and 2 depicting kinetic traces of Cpd I formation and a structural superposition of 
WT CcP:Y48K Cc with WT CcP:WT Cc; and Supplementary Tables 1-3 containing turnover rate constants, X-ray collection and 
refinement statistics, and estimated PCET thermodynamic parameters
The authors declare no competing financial interest.

HHS Public Access
Author manuscript
J Am Chem Soc. Author manuscript; available in PMC 2020 November 06.

Published in final edited form as:
J Am Chem Soc. 2019 November 06; 141(44): 17571–17587. doi:10.1021/jacs.9b05715.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript



INTRODUCTION
Tryptophan (Trp) and tyrosine (Tyr) radicals are increasingly recognized as essential features 
of enzymatic catalysis and protein function.1-7 Enzymes and light sensors such as 
photosystem II (PS II), ribonucleotide reductase (RNR), prostaglandin synthase, 
photolyases/cryptochromes, and BLUF proteins all involve Trp and Tyr radicals in long-
range electron transfer (ET).8-14 Trp and Tyr residues have similar formal oxidation 
potentials (~−0.9 to −1.1 V at physiological pH15) that are in range of the reactive sites 
generated at oxometallocenters or photoexcited pigments in proteins. However, Trp and Tyr 
are not functionally interchangeable3,16,17 owing to the very different pKa values of their 
respective radicals. Hence, the protic environment has a large effect on their reactivity, and 
proton-coupled electron transfer (PCET) in its various forms3,7,18-21 can influence these 
reactions. Small-molecule experiments have demonstrated the impact of surrounding acids 
and bases on the PCET reactions of indole and phenol moieties.22-35 These studies, inspired 
by efforts to mimic the redox-active tyrosine residue (YZ) of PS II, highlight a range of 
mechanisms that are distinguished by single versus multisite PCET, electron-transfer driving 
force, solvent environment, the presence of hydrogen bond relays, and proximity of the 
proton donor and acceptor (reviewed by Pannwitz and Wenger36). Yet, a protein matrix 
provides a heterogeneous environment for Trp and Tyr redox chemistry, and it is unclear 
whether lessons learned from model studies, which are often carried out in nonaqueous 
solvents (with exception35), are fully applicable to these more complex systems. Moreover, 
most model systems are oxidative in nature and driven photochemically, whereas protein 
PCET can be both reductive and oxidative and initiated by a broad class of reactive ground- 
and excited-state species. To this end, engineered protein maquettes and peptide models have 
been employed to provide a more controlled protein environment for probing local effects on 
Trp and Tyr reactivity.37-41 In addition, studies of enzymes such as PS II, wherein the YZ 
radical couples photoexcitation to water splitting,42,43 and RNR, where incorporation of 
non-natural Tyr analogues have allowed for characterization of trapped radicals,44,45 

underscore the capacity of local residues that provide hydrogen bonds or influence solvation 
to alter the reactivity of Trp and Tyr residues. In such protein systems, major questions 
center on understanding the specificity of which Tyr/Trp residues participate in ET reactions, 
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how the protein matrix controls PCET by altering local formal potentials and pKa values, 
and, importantly, the role of conformational change and dynamics in modulating reactivity.
3,46-48 All of these factors can combine to engender multistep or hole-hopping ET reactions 
capable of directing charge propagation over long distances and preventing nonproductive 
recombination.14

We have sought a tractable, yet relatively complex protein system to serve as a model for 
understanding multistep ET reactions that rely on Trp and Tyr. Cytochrome c peroxidase 
(CcP) and cytochrome c (Cc) from yeast are a long-studied pair of redox partners that 
function to reduce peroxide to water through involvement of a Trp radical49-51 (Scheme 1). 
Peroxide reacts with the CcP heme to form a compound I (Cpd I) species that is then 
reduced sequentially by two molecules of Cc(Fe2+). Cpd I contains a Trp191 radical, which 
oxidizes the ferrous Cc heme (Cc(Fe2+)) some 20 Å away. Thus, to fully reduce peroxide, 
each Cpd I must react with two Cc molecules. The first reduction of Cpd I occurs with a 
second-order rate constant of 2 × 102 to 3 × 103 μM−1 s−1 depending on conditions, whereas 
the second reduction of Cpd II has a rate constant of 10 to 102 μM−1 s−1 from the same site.
52,53 The second reduction is slower than the first owing to the equilibrium of step III in 
Scheme 1, which lies to the left.

Extensive studies have revealed a complex dependence of the reaction on solution conditions 
(e.g., pH, ionic strength, and temperature). Initial encounters of Cc with CcP are largely 
governed by electrostatics, and as a result, the reaction mechanism changes considerably as 
a function of ionic strength. Alternative docking configurations become operative at low 
ionic strengths (<100 mM), and Cc off-rates decrease substantially. Conformational gating 
coupled to dynamic docking of the CcP:Cc complex also modulates reactivity in a manner 
highly dependent on conditions.53-64

Importantly, substitution of Trp191 with Phe drops ET rates from Cc to CcP by many orders 
of magnitude.65-67 Surprisingly, when W191 is substituted by Tyr, a stable Cpd I species 
forms with a radical localized on Tyr191, but ET is slow and the system does not function.17 

To investigate why Tyr191 would be inactive despite forming a stable radical, we have 
manipulated the redox and proton affinity of the Tyr site by introducing fluorotyrosine 
derivatives (FTyr) and hydrogen-bonding partners for the phenolic hydroxyl moiety. These 
experiments are carried out under conditions wherein protein exchange and reaction with 
peroxide are relatively rapid compared to ET from Cc to the CcP W191 variants. The FTyrs 
increase ET rates, but not as effectively as addition of a conjugate base that hydrogen bonds 
to Tyr. Through a series of spectroscopic, structural, and kinetic studies, we surmise that the 
neutral Tyr radical is too low in potential to rapidly oxidize Cc, but addition of a strong 
hydrogen bond to the Tyr radical upshifts its potential ~200 mV, which is sufficient to 
accelerate long-range ET from Cc(Fe2+). Although the active Tyr radical is not converted to 
a cation, which has only been observed for Tyr on very fast time scales in biological 
systems,68 the effect of a suitably positioned conjugate base on reactivity is quite dramatic. 
The CcP:Cc Tyr radical is analogous to the YZ radical of PS II, which requires interaction 
with a conserved His residue to transit electrons between the P680 special chlorophyll 
dimers and the Mn cluster of the oxygen-evolving complex.69-71 Unlike PS II, the CcP:Cc 
system is readily studied by crystallography and amenable to incorporation of non-natural 
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residues, and unlike RNR, in CcP:Cc, the intermediate Tyr radical is stable and does not 
require modification to be studied. Thus, CcP:Cc provides an excellent model for 
understanding how energy-transducing proteins control long-range ET reactions through 
redox-active residues.

RESULTS
Electron Transfer Rates of Y191 Variants.

Given that the structure CcP W191Y is nearly identical to the wild-type, WT,17 the inactivity 
of Cpd I most likely derives from changes in the formal potential and/or proton affinity of 
the radical. To alter these properties of Y191, we incorporated non-natural fluorotyrosine 
residues in place of Y191, modified its protic environment by engineering basic, hydrogen-
bonding residues proximal to the phenoxyl moiety, and shifted the formal potential of the 
Cc(Fe2+) donor through residue substitutions of known effect.72 The 2,3,5-trifluorotyrosine 
and 3,5-difluorotyrosine amino acids were synthesized by tyrosine phenol lyase, purified, 
and incorporated into CcP using an E3 aminoacyl-tRNA synthetase/tRNA amber 
suppression system.73,74 The use of fluorotyrosine residues to manipulate E∘′ and pKa has 
been well established by previous studies of PCET mechanisms and pathways in PS II, 
RNR, and BLUF domains.44,75-78 The particular analogues that were selected provide 
relatively small formal potential and pKa perturbations at the 191 site (approximately ±50 
mV and −~3.5 pKa units).75 Also, under the pH 6 conditions of the experiments, these 
residues (pKa = 6.4 for 2,3,5-F3Y and 7.2 for 3,5-F2Y) remain primarily protonated prior to 
peroxide reaction. Yet, tyrosyl radicals greatly favor the neutral deprotonated form owing to 
a low intrinsic pKa of −2,15,39 although a protein matrix can alter this value.79,80 Notably, 
the WT W191•+ radical maintains a cationic state in Cpd I, owing in part to interaction with 
Asp235.81-83 Hence, coordination of tyrosyl radicals to a nearby proton acceptor, such as 
His, Asp, or Glu, could potentially stabilize the cationic form or facilitate proton transfer 
events coupled to ET.39,84 To manipulate the protic environment of Y191, neighboring 
Leu232 was replaced with either His or Glu (W191Y:L232H and W191Y:L232E, 
respectively). Correspondingly, we also altered the formal potential of the Cc(Fe2+) donor by 
replacing Tyr48 with Lys to upshift the potential 120 mV.72

Cc(Fe2+) Oxidation Rates in Single and Multiple Turnover Conditions Depend on Driving 
Force and a Conjugate Base.

ET rates from Cc(Fe2+) to the Cpd I-like species of the CcP variants were measured in single 
turnover (1 μM CcP, 2 μM H2O2, 2 μM Cc(Fe2+)) and multiple turnover formats (1 μM CcP, 
10 μM H2O2, 30 μM Cc(Fe2+)) (Figure 1). Ionic strength conditions and pH were chosen to 
minimize any second-site binding of Cc to CcP. Protein concentrations were as high as 
practical to provide good spectral properties. Under the 100 mM potassium phosphate (KPi) 
buffer conditions (ionic strength ~110 mM at pH 6), Cc off-rates are >2000 s−152,53 and 
peroxide reacts with CcP to produce Cpd I with a second-order rate constant of ~4 × 107 M
−1 s−1 (or a pseudo-first-order rate constant of 400 s−1 at 10 μM H2O2

85). The dissociation 
constant (KD) of Cc for CcP under these conditions is ~8 μM,86 which implies that >80% of 
CcP:Cc complex is associated in the multiple turnover case, but little complex is associated 
in the single turnover case. A second-order rate constant derived from steady-state analysis 
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(kcat/KM ≈ 200 μM−1 s−186) matches well with the second-order rate constant for the slower 
second reduction of Cpd II by Cc52 (step IV in Scheme 1), which places an upper bound 
below which ET to the modified 191 site will be rate-limiting.

Our rate measurements rely on monitoring the loss of Cc(Fe2+) and formation/decay of the 
ferryl (Fe4+═O) CcP upon peroxide addition. Notably, ET between Cc(Fe2+) and the 191 
radical (Scheme 1) is expected to be slow compared to oxidation of the 191 residue by 
Fe4+═O CcP.17 In the multiple turnover scenario, ET from Cc(Fe2+) and regeneration of 
Cpd I with peroxide produces a low level of the ferryl species that increases as the 
concentration of Cc(Fe2+) drops, only to then subside when peroxide is expended (Figure 
1B). Correlation of the rate constants from the single turnover and multiple turnover regimes 
indicates that under these conditions protein exchange kinetics do not dominate the rates of 
Cc oxidation (Figure 2). Nonetheless, for variants of low reactivity, the multiple turnover 
rates lag compared to those of the single turnover rates, thereby indicating that at slow rates 
of ET protein exchange does compete to some extent, probably owing to the increasing 
concentration of interfering Cc(Fe3+) as peroxide reduction proceeds. Given the kinetic 
parameters described above, this phenomenon combined with mixing limitations likely 
reduces the observed WT rate constant in this format.

WT CcP rapidly oxidizes Cc(Fe2+), and a transient ferryl signal (Abs434 nm) develops that 
then dissipates over the course of the pseudo-first-order decay as the pool of Cc(Fe2+) 
depletes (Figure 1B). In contrast, W191Y CcP reacts slowly with Cc(Fe2+) and has similar 
inactivity to W191G (Figure 2), in which a solvent-filled cavity replaces the radical site.17 

As a result, the CcP ferryl persists for minutes (Figure 1B) and only completely reduces to 
the ferric state during the slow phase of recovery.65 Replacement of Tyr191 with a stronger 
oxidant (2,3,5-trifluorotyrosine) marginally increases the ET rate by half relative to W191Y, 
consistent with the predicted formal potential increase of the FTyr• (E′∘ ≅ +40 mV relative 
to Tyr•).44,75 Comparably, replacement of residue 191 with a lower formal potential 3,5-
difluorotyrosine moiety (E′∘ ≅ −25 to −50 mV relative to Tyr•)44,75 results in a similar Cc 
oxidation rate to that of Tyr191 (Figure 2A). These results indicate that the CcP:Cc ET rates 
are sensitive to the Tyr191 potential, but a modest upshift in potential of the Y191 site does 
not rescue activity to an appreciable extent.

Examination of the CcP W191Y crystal structure suggested that substitutions of Leu232 by 
His and Glu would affect the protic environment near the Y191 hydroxyl group. 
Incorporation of L232H into the W191Y variant causes little change to ET rate constants at 
pH 6, but produces a nearly 3-fold increase in activity at pH 7 under multiple turnover 
conditions (Figure 3; Supplemental Table 1). This rate increase then diminishes at higher 
pH. At optimum pH, the Cc oxidation curve changes from biexponential to a WT-like, 
monoexponential decay, indicating that the biexponential characteristics are likely due to a 
mixed population of slowly exchanging conformational or protonation states (Figure 3C). 
Curve fitting of the data to a two-proton ionization model (eq 1) indicates two pKa values 
(6.46 and 7.24): one for His232 deprotonation and another we presume to be the hydrogen-
bonded proton to Y191• (Figure 3D).
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kobs =
kmax

1 + 10pKa1 − pH + 10pH−pKa2 (1)

Additional evidence for rate acceleration from the introduction of a hydrogen-bonded proton 
to Y191• was attained by lowering the pKa of the coordinating base by substitution of 
residue 232 with Glu. Remarkably, W191Y:L232E yields similar apparent Cc oxidation 
behavior as WT CcP with an ~30 × acceleration in Cc(Fe2+) oxidation rate compared to the 
W191Y parent (Figures 1,2; Supplemental Table 1). In W191Y:L232E, ferryl buildup and 
decay kinetics approach those observed for WT CcP (Figure 1B). The residue 232 
substitutions do not impact Cpd I formation, as assessed by reacting CcP alone with 
peroxide (Supplemental Figure 1). The Glu variant also exhibits a pH dependency unseen in 
W191Y (Figure 3A,B). At higher pHs, the Cc oxidation rate slows to that of W191Y, again 
suggesting that deprotonation of a hydrogen-bonded complex composed of Y191 and the 
conjugate base reduces reduction rates (Supplemental Table 1). The fact that Glu232 has a 
larger affect on rate than His, despite having the lower pKa, suggests that the conjugate base 
does not function to increase the rate of proton transfer from Y191.

Somewhat surprisingly, the effects of FTyr substitution and conjugate base addition were not 
synergistic. The L232E substitution in concert with the FTyr variant W191-F3Y produces a 
fast phase of Cc(Fe2+) oxidation that is intermediate in rate to W191Y:L232E and W191-
F3Y, but also exhibits a much slower secondary phase. Although the origin of the slow phase 
is unclear, it may owe to oxidative modification of the variant protein. Regarding the fast 
phase, the lower pKa of the FTyr73 in conjunction with its elevated formal potential may 
contribute to a radical less readily reduced than in W191Y:L232E, but more so than in 
W191-F3Y alone (Scheme 1).

Proton-coupled ET reactions often produce substantial deuterium kinetic isotope effects if 
the proton and electron transfers are synchronous. Overnight incubation of W191Y CcP:Cc 
in a D2O-based phosphate buffer causes only minor changes to the Cc(Fe2+) oxidation rate 
(kH/kD ≅1.2–1.4), but differences are not statistically significant (p = 0.80, N = 4). In 
contrast, W191Y:L232E CcP:Cc shows a slightly larger solvent isotope effect that is 
statistically significant under single turnover conditions (kH/kD ≅ 1.7; kobs, D2O = 0.09 ± 
0.04 s−1 versus kobs, H2O = 0.166 ± 0.007 s−1; p = 4.6 × 10−7, N = 12).

To explore the effects of altering the potential of the donor, we produced a Cc Y48K variant, 
which is known to upshift the Cc(Fe2+) potential from 290 mV to 407 mV.72 As expected, 
ET rates to W191Y:L232E are decreased with Cc Y48IK (from kobs = 0.189 ± 0.006 to 
0.156 ± 0.005 s−1 p = 4.44 × 10−5; N = 4 and 5, respectively; Supplemental Table 1), again 
showing that the ET rate between Y191• and Cc(Fe2+) is sensitive to driving force. A crystal 
structure of the CcP(W191Y):Cc(Y48IK) complex (PDB 6P43) confirms that the 
substitutions cause no significant structural changes to either protein or to their association 
mode (Supplemental Figure 2).
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Crystal Structures of W191Y Variants Reveal Hydrogen Bonds to Y191.

Crystal structures of W191Y (PDB 5CIH; Figure 4A), W191Y:L232E (PDB 6P41; Figure 
4B), and W191Y:L232H (PDB 6P42; Figure 4C) all in complex with Cc (Supplemental 
Table 2) reveal an identical interface between CcP and Cc, along with positions of the 232 
side chains that indicate hydrogen bonds to Y191 (Figure 4D). The active sites of the heme 
centers, including catalytically essential residues Arg48, Trp51, and His52, are not affected 
by the substitutions.81,87-90

In W191Y:L232E, the phenol ring of Tyr191 shifts closer to the 232 residue by an RMSD of 
0.7 Å compared to W191Y. The carboxyl moiety of Glu232 and the phenol of Tyr191 are 
well-defined at the 1 σ level in the 2.9 Å resolution 2Fo–Fc electron density map. A short 2.6 
Å distance of separation between the Tyr191 hydroxyl group and Glu232 carboxyl oxygen 
implies a strong hydrogen bond between the side chains. Difference electron density bridges 
the two side chains in both of the CcP:Cc complexes in the asymmetric unit (Figure 4B). In 
W191Y:L232E, compared to W191Y, the CcP heme to Tyr191 phenyl ring distance 
increases by 0.5 Å (~7.1 Å in W191Y:L232E versus ~6.6 Å in W191Y), and the distance 
between the Cc heme iron atom in Cc and Tyr191 also slightly increases by 0.5 Å (~21.6 Å 
in W191Y:L232E versus ~21.0 Å in W191Y). Thus, the Y191 and E232 substitutions do not 
substantially alter the protein complex, but the structures do support a hydrogen bond 
between these two residues prior to reaction.

Replacement of Leu232 with His also results in a structure very similar to that of the 
W191Y parent. However, in this structure (crystallized at pH 6 where ET rates do not 
increase with the His232 addition) His232 angles away from Y191 and shares no bridging 
electron density with the phenolic oxygen. Instead, difference density between Tyr191 and 
His175 suggests a competition between His175 and His232 for the phenolic oxygen of 
Tyr191; both nitrogen atoms are within hydrogen-bonding distance of the Tyr191-OH 
(His175 N-δ ≈ 3.9 Å and His232 N-ε ≈ 3.1 Å). Furthermore, the His232-protonated Nδ 
nitrogen is in range to interact with Thr234 or Asp235 (Figure 4D). Thus, in the 
imidazolium form, His232 cannot accept a proton from Y191 and may not be suitably 
positioned to hydrogen bond back to the Tyr radical, consistent with an ET rate similar to 
that of the parent at low pH. However, His232 is positioned appropriately for the neutral 
imidazole moiety to interact productively with Tyr191 at higher pH and thereby enhance 
reactivity.

The resolution of the structures is not sufficient to define any clearly ordered water 
molecules in the proximal heme pocket. However, water molecules are well resolved in 
structures of the WT CcP:Cc complex (1U74) and W191F CcP:Cc (5CIF), a structural 
analogue to W191Y CcP:Cc. Superpositions of these structures predict no ordered water 
molecules near the ionizable moieties of the 191 and 232 residues, although the introduction 
of polar groups at these positions could alter solvation.
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Electron Spin Resonance Spectroscopy of Tyr191 Radicals Indicates Changes in Hydrogen 
Bond Environment.

cw-ESR: X-band continuous wave electron spin resonance (cw-ESR) was used to further 
probe the electronic and protonation properties of the W191Y• variants. As previously 
reported,17 the cw-ESR spectrum of W191Y Cpd I indicates formation of Tyr• at site 191; 
W191G produces a negligible signal at g = 2.0. Incorporation of 2,3,5-FTyr exhibits a signal 
reminiscent of the parent (orange, Figure 5A). This is in contrast to the line broadening 
observed for the photogenerated 2,3,5-FTyr radical in aqueous solution,73,91 which likely 
derives from an increase in anisotropy and hyperfine interactions from the fluorine moieties 
in a fully solvated aqueous environment. The fluoro groups are known to moderately reduce 
spin population at the oxygen but overall do not cause major redistribution of the spin 
density, which remains symmetric about the C2 rotational axis.45 Substantial hole migration 
from FTyr191 to an adjacent tyrosine in CcP is unlikely, as radical migration away from the 
191 site would reduce, not increase, the Cc oxidation rates.

Cpd I of W191Y:L232H at pH 6 shows only minor differences in hyperfine coupling 
compared to the parent W191Y; however, raising the pH to 7.5 results in dramatic line 
broadening of the singlet feature relative to W191Y (dark green, Figure 5A). W191Y:L232E 
at pH 6 shows even more pronounced line broadening than L232H at pH 7.5. When the pH 
is raised to 8, spectra for W191Y:L232E narrow to a width similar to that of W191Y, 
although signal intensity also lessens (Figure 5B). The change in ESR line shape in pH 
conditions that also enhance ET rates signifies an altered microenvironment of the Tyr• in 
the presence of these coordinating bases.

For His232, line broadening requires deprotonation of the imidazolium above pH 6.0, 
consistent with the low pH crystal structure. A similar broadening of the Y191:E232 spectra 
at pH below 8 likely derives from the hydrogen bond between E232 and Y191 inferred from 
the crystal structure. In addition to hyperfine interactions from hydrogen-bonded protons, 
the rotational angle of the phenol ring can influence Tyr• line shapes. The degree of 
hyperconjugation of a Cβ–H σ bond into the phenol π system alters relative contributions of 
a narrow singlet and a wide triplet signal.92,93 However, the crystal structures of W191Y and 
W191Y:L232E do not differ in the Tyr191 rotamer state, and thus, changes in hyperfine 
coupling likely result from hydrogen bond formation with the conjugate base. Indeed, 
electronic structure calculations suggest that the spin distribution of tyrosyl radicals, as 
reflected in the g values and line shapes of ESR spectra, are highly sensitive to protonation 
and hydrogen bonding.94-98

Somewhat surprisingly, but consistent with the reactivity data, addition of a coordinating 
side chain to the 2,3,5-FTyr variant W191F3Y:L232E does not broaden the radical spectrum 
(Figure 5A). Owing to the higher acidity of FTyr compared to Tyr,73 either a proton is lost 
from the system (which is less probable in a pH 6 buffer; pKa(FTyr) = 6.473) or the hydrogen 
bond shared with Glu232 is weaker than in W191Y:L232E. In the latter case, a longer 
FTyr•…H distance may reduce the influence on the coupling parameters of the radical3 the 
rate of ET.

Yee et al. Page 8

J Am Chem Soc. Author manuscript; available in PMC 2020 November 06.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript



X-band cw-ESR measurements of D2O-treated Y191• show sharpened hyperfine features 
and narrowing of line shapes as expected (Figure 5C,D). However, D2O substitution for 
W191Y:L232E gives much more prominent effects than W191Y alone, clearly 
demonstrating the dependency of line broadening on hyperfine coupling from exchangeable 
protons in the presence of E232.

Electron Spin Echo–Electron Nuclear Double Resonance (ESE-ENDOR) Spectroscopy.

Q-Band ESE-ENDOR data on protonated and deuterated W191Y (Figure 6A) and 
W191Y:L232E (Figure 6B) Cpd I samples support interactions between the Tyr• radical and 
exchangeable protons. The species in 1H buffer have similar proton ESE-ENDOR spectra 
and weak hyperfine coupling features centered at the Larmor frequency (~51 MHz) that 
likely originate from exchangeable protons (red and purple spectra; Figure 6A,B). After 
incubation in deuterated buffer, both species (blue and green spectra; Figure 6A,B) exhibit 
similar 1H-hyperfine coupling constants to those of photogenerated tyrosyl standards in 
deuterated solution (gray spectrum; Figure 6A,B). These nonexchangeable features likely 
result from a combination of hyperfine coupling interactions between the unpaired radical 
and β-methylene or ring protons and have been assigned using ESE-ENDOR and 2H-
labeling in other Tyr• systems, such as YD and YZ in PS II and Tyr single crystals.99-103 

Subtraction of the 1H ESE-ENDOR of the protonated and corresponding deuterium-
exchanged samples (black spectra; Figure 6A,B), scaled by the unchanging shoulder features 
at ν = ±0.3 MHz, reveals contributions from exchangeable protons coupled to Tyr191•. The 
difference spectra indicate that both the Y191• and Y191•:E232 radicals have some degree of 
H-bonding, yet owing to the spectral noise in the spectra, broadening effects are not well 
determined. Typically, broadened 1H2O–2H2O signals have been attributed to H-bonding, as 
observed between PS II YZ and YD (both H-bonded) and E. coli RNR Y122 (not H-bonded) 
tyrosyl signals.104 The Y191:E232 difference spectrum does appear broader than Y191 
alone, but such signals are difficult to resolve and would likely benefit from higher-field 
spectroscopy. To improve upon interpretations from nonideal 1H ENDOR spectral 
subtractions, we also attempted to obtain deuterium ESE-ENDOR spectra. High-resolution 
2H-ESE-ENDOR spectra of H-bonded Tyr• radicals often produce sharp peaks or “wings” 
less than 0.6 MHz from νLarmor.104-108 Both Y191 and Y191:E232 CcP Cpd I reveal the 
presence of exchangeable 2H, but unfortunately, poor S/N ratios prevent quantification and 
limit analysis.

Electron Spin Echo Envelope Modulation (ESEEM) Spectroscopy.
2H-ESEEM spectroscopy allows for the quantification of dipolar contributions between 2H 
and Tyr• using hyperfine interactions from the observation of the stimulated echo and 
provides an important complement to the ESE-ENDOR results. Furthermore, 2H-ESEEM 
has high sensitivity toward weak, anisotropic couplings, and the echo intensities are 
influenced by the distance between electron and 2H spins, providing the added advantage of 
spatial selectivity for coupled nuclei within 1 nm of the radical.109-114 Notable differences 
are found in the 2H-ESEEM spectra between the W191Y:L232E variant and the W191Y 
parent after exchange into D2O (Figure 6C,D). Indeed, both Y191 and Y191:E232 give 
modulation frequencies of ~7.8 MHz at a microwave frequency of 33.8 GHz. Such 
modulations are typical for hyperfine interactions resulting from hydrogen bonding between 
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the YO• radical and an exchangeable proton/deuteron, as observed for a photogenerated YO• 

radical in D2O solution (Figure 6C) and for the hydrogen-bonded YZ
• and YD

• radicals of 
PS II.104,115-118 However, a substantially reduced modulation depth in the Y191 parent 
indicates significantly less hydrogen bonding to the phenoxyl moiety than in either 
Y191:E232 or the photogenerated Tyr standard (Figure 6C,D) because the amplitude 
depends on the interaction strength and number of coupled deuterons. Moreover, the very 
similar modulation depths of Y191•:E232 and the solvated Tyr• standard suggest that most 
of the Tyr191 radicals in Y191:E232 are hydrogen-bonded.

Hydrogen bonds to the phenoxyl oxygen are expected to produce modulations near that of 
the 2H Zeeman frequency, regardless of the donor source. In regards to the solvated Tyr• 

standard, D2O molecules must be the H-bond donor; for the parent W191Y, crystallographic 
data suggest that the site is weakly accessible to water, and no side chains or conserved 
water molecules are involved in H-bonding; in the case of W191Y:L232E, the crystal 
structure indicates that the donor is E232. Hence, ESEEM spectroscopy provides additional 
evidence for the presence of an ordered hydrogen bond in W191Y:L232E, and with all else 
being similar between the two CcP variants, the added hydrogen bond to the Tyr191• radical 
in W191Y:L232E very likely correlates to the observed reactivity differences in the turnover 
assays.

Rapid Freeze Quench cw-ESR Kinetics Support ET Rate Enhancement by E232.

The dynamics of the Tyr• radical within W191Y and W191Y:L232E CcP in complex with 
Cc provide another means to evaluate how the conjugate base affects Tyr• reactivity. Under 
single turnover conditions with stoichiometric Cc, Tyr• formation and decay in CcP:Cc 
(W191Y and W191Y:L232E) were monitored by rapid freeze quench (RFQ) ESR 
spectroscopy experiments. Samples were flash-frozen at successive time points during a 
single turnover reaction. All X-band cw-ESR absorption signals were numerically integrated 
and normalized to those of an internal standard—Er3+ chelated by 
diethylenetriaminepentaacetic acid (DTPA)—to compensate for variations in sample 
preparation and packing within ESR tubes. This unreactive lanthanide species has a well-
resolved, sharp ESR signal at g = 11.8 and few features elsewhere. Radical signals were 
quantified and progression curves fitted by kinetic modeling of competitive reactions (eq 6; 
Table 1).119,120 In the absence of Cc, W191Y CcP Cpd I formation is complete by the initial 
time point and invariant over the first 30 s, with an average integrated absorption signal of 
240 ± 110. Loss of radical signal when Cc is present corresponds to reduction by Cc(Fe2+). 
The radical kinetics observed by RFQ are much slower than the initial reduction of CcP by 
Cc(Fe2+), and importantly the amplitude of the radical signal that develops and decays is 
<10% of that of the Cpd I in the absence of Cc (Figure 7). Thus, Tyr191• of Cpd I is initially 
reduced by prebound Cc(Fe2+) at rates too fast to be well resolved. The radical signal over 
the first five seconds is likely the tail end of this initial Tyr• reduction, which appears 
concomitantly with the early phase of Cc oxidation. However, after initial reduction of the 
radical in the prebound complex, Tyr191• will re-form due to oxidation by the ferryl species 
of Cpd II (Scheme 1). A second equivalent of Cc(Fe2+) is required to exchange with the 
spent Cc(Fe3+) to reduce the Tyr191• radical. However, if exchange is slow, a consequence 
of having a minority concentration of Cc(Fe2+) remaining in the sample, the radical may 
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migrate within CcP before reduction by rebound Cc(Fe2+); that is, Tyr191• will be reduced 
by another nearby redox-active residue within the protein (Figure 7C). Return of the radical 
to the 191 site eventually leads to reduction by exchanged Cc(Fe2+). As the potential of the 
Y191• radical increases, the likelihood that the radical will migrate within CcP before 
Cc(Fe2+) exchange may also increase.

For W191Y, after the first equivalent of Cc(Fe2+) is oxidized, a residual Tyr• signal rises 
gradually to a maximum value after approximately 15 s, followed by a slow decay over the 
period of ~45 s. In contrast, the W191Y:L232E residual radical signal rises within the first 
10 s and remains relatively stable for the duration of the observation time. These Tyr• signals 
fit well to biexponential equations describing competitive reactions whereby Tyr191• is 
reduced either by Cc(Fe2+) (kobs) or by an adjacent side chain (kf) that may in turn reoxidize 
Tyr191 back to a radical (kr; Table 1). The resultant kobs values agree with those for the 
single turnover reactions. Fitted kf values are quite similar for W191Y and W191Y:L232E 
CcP owing to the sparseness of early time points in the Y191:E232 data set. For W191Y 
CcP, kf ≅ kr, which indicates that the formal potentials of Tyr191• and the remote site 
radicals are similar (i.e., ΔGex′ ≅ 0), and so, Y191• exchanges with the remote site until it is 
quenched by exchanged Cc(Fe2+). However, reoxidation of Tyr191 by the remote radical 
does not occur in Y191:E232 (kr = 0); the signal does not decrease over the time course 
(Figure 7B). The rate constant for Cc(Fe2+) oxidation with Y191:E232 is similar to that 
found in the single turnover experiments monitored by optical spectroscopy. Thus, addition 
of E232 perturbs the radical kinetics of CcP by increasing the rate of Y191• reduction and 
reducing the rate of Y191 oxidation. Attempts to probe the origin of the remote site by 
replacing other tyrosine residues in CcP were unfortunately problematic because they 
resulted in destabilized protein.

DISCUSSION
The Cpd I state of W191Y CcP is unable to support rapid ET from bound Cc(Fe2+),17 

despite the replacement of Trp191 with Tyr causing little structural perturbation (PDB 
5CIH). In fact, W191Y curtails Cc(Fe2+) oxidation to a degree similar to that of the redox-
inactive W191F.65 The inactivity of CcP W191Y suggests that either the potential of Tyr• is 
too low to oxidize Cc(Fe2+) at appreciable rates (step II of Scheme 1) or Tyr reoxidation by 
the ferryl species of Cpd II is hindered (step III of Scheme 1).17 The data presented here 
demonstrate that the reduced reactivity of CcP W191Y is primarily due to the drop in 
potential of Tyr• caused by its deprotonation. Furthermore, W191Y CcP activity can be 
increased by incorporating a higher potential fluorotyrosine residue or by positioning an 
adjacent basic site to accept a proton from Y191 and hydrogen bond to the tyrosyl phenolic 
radical. Crystal structures, ENDOR, and ESEEM data all support the presence of a 
hydrogen-bonded Tyr• radical in Y191:E232 CcP. Substantial 2H-ESEEM signals at the 
Larmor frequency (approximately 2.3–2.6 MHz) indicate 2H-bonds to Y191•, similar to 
those reported for PS II YZ

• and YD
• samples.104,115,116 ESE-ENDOR 1H2O–2H2O 

difference spectra also reveal that exchangeable protons couple to the radical.

A hydrogen bond between Y191• and E232 suggests that rate enhancement by the conjugate 
base involves PCET. PCET reactions can proceed by stepwise electron-transfer, proton-
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transfer (ETPT), by proton-transfer, electron-transfer (PTET), or by concerted electron–
proton transfer (CEPT) mechanisms.3,7 In the first case, ET is rate-limiting and rapid PT 
follows; in the second case PT is rate-limiting followed by ET; and in the last case, a 
transition state involving a combined proton and electron coordinate is involved. In small-
molecule systems, CEPT behavior is often indicated by (i) large deuterium isotope effects 
(kH/kD > 2.0), (ii) a dependence of the rate on the donor–acceptor hydrogen bond difference, 
and (iii) a rate dependence on both ΔpKa and ΔE∘′.29-32,121 However, the model system 
reactions usually take place in nonaqueous solvents of relatively low dielectric and proton 
mobility, conditions that differ substantially from a protein in water.

Examining the rate dependence on the relative electron and proton affinities of the respective 
donors and acceptors can provide insight into the mechanism of a PCET reaction. For 
multisite PCET, the driving force can be considered as the difference between two X–H 
bond dissociation free energies: that for Y191-OH and the other for the combined oxidation 
of the one-electron donor and the proton transfer from the base (BH).31,122

ΔG ∘ ′ = BDFE(E ∘ ′[Cc(Fe2 + ) ∕ Cc(Fe3 + )], pKa[BH], CG)
− BDFE(YOH YO• + H•)

(2)

ΔG ∘ ′ = 1.37(pKa[BH] − pKa[YOH]) + 23.06(E ∘ ′[Cc(Fe3 + ) ∕ Cc(Fe2 + )]
− E ∘ ′[YO• ∕ YO−]) + CG

(3)

where CG is a constant that reflects solvation effects for transferring H• as two components.
39

For differences in driving force relative to a standard reaction (e.g., the Y191 parent):

ΔΔG ∘ ′ = 1.37Δ(pKa[BH] − pKa[YOH])
+ 23.06Δ(E ∘ ′[Cc(Fe3 + ) ∕ Cc(Fe2 + )] − E ∘ ′[YO• ∕ YO−])

(4)

In a CEPT reaction, where both an electron and a proton transfer in the transition state, the 
rate constant often depends on both the pKa term and the formal potential term. This dual 
dependence is not observed for the oxidation of Cc(Fe2+) by Y191•; the rate constant only 
depends on the formal potential term (Figure 8; see Supplemental Table 3 for details and 
assumptions). Thus, the rate-limiting step in this reaction can be thought of as a purely ET 
process that then gates a subsequent proton transfer from solvent or a neighboring basic side 
chain. Under a Marcus ET analysis, the Brønsted α value relating changes in rate constant to 
changes in driving force is given by 31

α ≅ δΔΔG ∗ ′

δΔΔG ∘ ′ =
1
2 + ΔΔG ∘ ′

2λ + ΔG 1
∘ ′

2λ (5)

where ΔG∘′1 represents the free energy for the oxidation of Cc(Fe2+) by Y191•, λ represents 
the reorganization energy, and ΔΔG∘′ represents perturbations to the driving force caused by 
alterations to Y191, its protic environment, or the Cc electron donor. For WT (W191) CcP, λ 
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≅ 0.7 V and − ΔG∘′1 ≅ 1.0 V.123,124 For CcP W191Y, if we assume −ΔG1
∘′ ≅ 0.4 λ to 0.8 λ 

and ΔΔG∘′ is small, α ≅ 0.3 to 0.1. In keeping with a primarily ET mechanism, the slope α 
obtained by least-squares fitting a straight line is 0.14, with some apparent curvature at the 
largest values of ∣ΔG∘′∣ (Figure 8).

Thus, PT involving Y191 is not likely kinetically coupled to the rate-limiting, long-range ET 
reaction with Cc(Fe2+). Although the modest solvent isotope effect for Y191:E232 
compared to the Y191 parent could indicate some degree of proton transfer in the transition 
state, D2O is known to order and stabilize the CcP:Cc complex.125 Thus, the hydrogen bond 
between Y191:E232 may be tighter in D2O and increase the perturbation to the Y191• 

formal potential experienced in the variant, thereby resulting in the observed isotope effect. 
Overall, we conclude that the modulation of ET rates seen with the various modifications 
made to the CcP:Cc complex largely owe to changes in the Y191• formal potential.

How much does the H-bond partner shift the Y191• potential? Considering the change in Cc 
oxidation rates with addition of E232 places constraints on the ET parameters of Y191• 

(Figure 7; Table 1). The change in Y191 formal potential can be derived from semiclassical 
theory provided that the reorganization energy lies within the limits of previously reported 
estimates.126-128 The reorganization energy for ET between CcP W191•+ and Cc(Fe2+) was 
calculated to be λ = 0.7 eV,127,129,130 though higher approximations of upward of 1.5 to 2 
eV have been postulated.131-133 Taking the rate constants of single turnover reactions, the 
dependencies between −ΔG1

∘′(Cc – Y191 CcP), −ΔΔG∘′(Y191•:E232 – Y191•), and λ can 
be attained by a Marcus relation. In conjunction with the F3Y191 CcP:Cc data, the solutions 
yield −ΔG1

∘′/F ≅ 0.4 to 0.6 V for λ ≅ 0.8 to 1.2 V in the CcP:Cc system, along with the 
corresponding upshift in potential of − ΔΔG∘′(Y191•:E232 – Y191•)/nF ≅ 0.2 V (Figure 
8D). Importantly, the model indicates that Cpd I of W191Y has a lower formal potential than 
that of WT. The individual Cpd I/Cpd II and Cpd II/Fe3+ potentials cannot be separated 
electrochemically, but the potential of the two-electron WT Cpd I/Fe3+ couple is ~0.75 V.
123,124,134 The Cpd II (Fe4+═O)/Fe3+ potential from several other peroxidases ranges from 
0.7 to 1.0 V.123,124,134 Rate data and Marcus considerations have been used to estimate the 
WT CcP Cpd I/Cpd II potential at ~1.0 V.135 Our data suggest that the Y191•:E232 formal 
potential is ~0.2 V higher than the potential of Y191• alone, but not as high as the WT 
W191•+ potential (Figure 9). Moreover, calculated hole migration maps by Gray and 
Winkler approximate the formal potentials of active proton-coupled Tyr radicals to be 1.0 
V5. It follows that the W191•+ potential is closer to 1.0 V than 0.7 V, and ET reactions of 
Y191 and Y191:E232 reside in the normal Marcus regime (∣ΔG∘′1∣ < λ), unlike in the WT 
CcP:Cc system, which is predicted to be slightly inverted.127 Indeed, the ET rate constants 
for W191Y correlate well with increases in driving force and show no indication of inverted 
behavior (Figure 8).

The RFQ data also support a change in Y191 reactivity with the conjugate base that may 
reflect an upshifted formal potential for Y191:E232 compared to Y191 alone. These data 
illustrate a competition between Y191• oxidation of a remote site (radical migration) and 
oxidation of Cc(Fe2+) when Cc is limiting. kobs values from fitting of the RFQ data match 
those observed under single turnover conditions where Cc oxidation is monitored directly 
(Supplemental Table 1). Furthermore, kf values are likely larger for Y191:E232 compared to 
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Y191 alone (although the initial fast phases of the curves are not well defined). Most 
notably, the rate constants for Tyr191 reoxidation (kr) differ substantially in the presence of 
E232. Thus, in Y191:E232, the radical does not return as readily to the 191 site for reduction 
by Cc as it does in Y191. In most scenarios, one would expect the conjugate base to either 
facilitate reoxidation of Y191 by the remote site or have little impact. However, the higher 
formal potential of YO•…HO-E232 compared to YO• may encourage oxidation of a 
different remote site, one that owing to the location or proximity of other reactive residues 
would more effectively propagate the radical away from Y191.

Change in the protonation state of the Y191• radical is important for its reactivity, even if the 
proton and electron transfers are not synchronous. Using a thermodynamic analysis, Mayer 
and co-workers estimated an increase of 0.2 to 0.3 V in the YZ

•/YZ solution couple upon 
Tyr• protonation, which is similar to the range of values determined here for the effect of the 
E232 hydrogen bond on Y191• (Figures 8D and 9).137 However, Y191• is unlikely to be 
cationic in the E232 variant. A drop in pKa value from 10 to −2138 highly favors 
deprotonation of a Tyr radical cation, and where measured, deprotonation is indeed rapid.68 

Furthermore, we would expect a greater perturbation on the ENDOR spectra of Y191• in the 
presence of E232 if the radical remained a cation. Additionally, the ESEEM spectra of 
Y191•:E232 closely match that of the photogenerated free Tyr• radical in solution, 
supporting the presence of an ordered hydrogen bond in this variant. A coordinating basic 
side chain would be expected to lower the pKa of neutral tyrosine and facilitate fast proton 
transfer upon oxidation.139 This effect can shift the position of an ET equilibrium when the 
driving force is close to zero, making a primarily ETPT mechanism still sensitive to the pKa 
of the coordinating base.25 In the PTET regime, the proton may equilibrate between Tyr• or 
the acceptor, with the protonated YOH•+ being the most competent for rapid ET. For PS II 
YZ, it has been proposed that a proton “rocks” between the tyrosyl radical and the 
coordinating side chain in a potential well to effectively upshift the YZ

• potential.137,140,141 

In the case of Cc oxidation by CcP Y191•, uncorrelated changes in rates and pKa values of 
the Tyr, or the coordinating base, suggest that neither perturbation of an ET equilibrium nor 
a PT pre-equilibrium is important; rather hydrogen bond donation from the acceptor after the 
proton transfer helps maintain a high enough potential for Y191• to rapidly oxidize Cc 
(Figure 9). Nonetheless, the reaction does show a pronounced pH dependence that likely 
reflects maintenance of this key hydrogen bond. Indeed, rate acceleration is lost at pHs 
above which the Y191•…H+-Glu/His deprotonates. For H232, ET rates return to values 
similar to those of the Y191 parent at pHs > 8.0; for E232, the threshold is lower (pH ≈ 7.0), 
in keeping with the relative pKas of these residues. The pH effects on the ESR line shapes, 
which we interpret to be indicative of hydrogen bond formation, follow this same trend 
(Figure 5A). These pH dependencies also rule against a mechanism where E232 rate 
enhancement derives from an acceleration or change in the equilibrium position of step III in 
Scheme 1, i.e., the oxidation of Y191 by the ferryl of Cpd II. In this case, the stronger base, 
His232, would be expected to increase rates of proton transfer to form Y191• and the rate 
enhancement should not diminish with increasing pH for either H232 or E232.

We have largely interpreted differences in ET for the W191Y system in terms of 191 site 
reactivity; however, implications of conformational gating also deserve comment. Although 
crystal structures of the native CcP:Cc complex reveal a well-defined association mode 
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between the two proteins,59 considerable evidence indicates that a conformational ensemble 
of interacting states superimposes on the electrostatically driven 1:1 complex.54,142,143 

Nonetheless, rapid ET to W191•+ in the WT system shows little indication of 
conformational gating when the proteins are associated.62 However, the lower ET rates of 
the 191 variants allow for Cc exchange and interfacial conformational fluctuations to 
potentially influence the observed ET rates.144 At lower ionic strength, second site binding 
and ternary complex formation further complicate Cc exchange.144 All of these factors can 
make the system quite sensitive to residue substitutions and changes in structure. Under the 
high ionic strength conditions studied here, variations to the 191 site, which is far removed 
from the interface, affect the ET rates without altering the configuration observed in the 
crystal structures. If interfacial conformational fluctuations are relatively fast, those that are 
ET inactive will weight the true ET rate constant by an equilibrium factor that should remain 
relatively constant among the variants.67 As the ET rates increase, such as in W191:E232, 
Cc off-rates may indeed begin to rate-limit Y191• reduction.

Catalytic tyrosine residues frequently interact with a neighboring proton acceptor 
(particularly Glu, Asp, His, or water), upon which radical formation and enzyme function 
depend.84,99,145-148 For example, loss of an adjacent histidine residue that hydrogen bonds 
to YZ

• of PS II substantially reduces activity, yet the effect is rescued by the addition of 
imidazole and other small organic bases to solvent.101,146,149-151 A similar rate enhancement 
in the manganese-depleted apo-WT PS II suggests that additional hydrogen bonds from the 
solvent enhance YZ reactivity.150,152,153 Studies of RNR incorporated with amino-Tyr 
derivatives that trap radical states154 reveal that hydrogen bonds to Y have a marked effect 
on long-distance mutistep ET and conformational gating across the interface of the α/β 
subunits; furthermore, hydrogen bonds also control reactivity of the metal-center proximal 
Tyr122 residue.3,95,105,155 In prostaglandin H synthase and galactose oxidase, hydrogen 
bonds to tyrosyl radicals are critical for catalysis,156-158 as they are in flavin-containing 
BLUF photosensors.13,159,160 Efficient ET is also often desired in designed proteins,
33,128,161-167 and although non-native Tyr or Trp residues have been introduced to improve 
functionality, the results have been mixed.168-170 In some cases, tuning the formal potential 
and pKa of Tyr radicals by adopting non-natural amino acids/prosthetic groups has aided 
reactivity,171-173 but such engineering often requires complex expression schemes. Solvent 
accessibility of the radical sites has proven to be an important parameter in the reactivity of 
Y• because PT to surrounding water molecules can compete with PT to neighboring side 
chains and disperse the proton source.174 If the proton is lost to bulk solvent, water 
molecules are usually unable to support rapid PT back to Tyr• owing to the unfavorable pKa 
difference and the high dependence of hydrogen bond strength on donor–acceptor distance, 
which is difficult to control in the absence of a stabilizing scaffold.29,138 As is shown here, a 
key parameter for effective ET in both natural and designed systems is maintaining a high-
potential Tyr• radical, a condition that can be met by a well-positioned basic side chain 
within a solvent-protected environment.

CONCLUSION
A base that is positioned to accept a proton from YOH•+ and then donate this proton back in 
the form of a well-ordered hydrogen bond can substantially impact the ability of Tyr to act 
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as a hole-hopping site. Although concerted PET may certainly be important in some 
enzymatic systems, modulation of the Tyr• formal potential by managing the immediate 
protic environment can alone exert substantial control over multisite PCET in proteins.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Cc oxidation reactions under multiple turnover conditions. (A) Oxidation of Cc(Fe2+) by 
CcP variants was measured at Abs550 nm–Abs540 nm, with values normalized from 0 to 1 
(100 mM potassium phosphate (KPi), pH 6 for all variants except for W191Y:L232H, which 
was at pH 7). (B) Progress curves at Abs434 nm reflect formation and decay of the ferryl 
(Fe4+═O) species. (Curves were normalized and shifted vertically.)
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Figure 2. 
Correlation between single and multiple turnover rate constants for Cc oxidation. (A) Single 
turnover rate constants obtained in 100 mM KPi buffer, pH 6 (Supplemental Table 1). (B) 
Multiple turnover rate constants in 100 mM KPi buffer, pH 6 (Supplemental Table 1). (C) 
Correlation between single and multiple turnover rate constants indicates that Cc oxidation 
is not dominated by protein exchange kinetics in the multiple turnover format.
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Figure 3. 
Conjugate base next to Tyr191 in CcP alters the pH dependence of Cc oxidation. Kinetic 
traces of Cc oxidation (lower curves) and CcP ferryl formation/decay (upper curves) were 
obtained with either (A) W191Y CcP, (B) W191Y:L232E CcP, or (C) W191Y:L232H CcP. 
W191Y shows little variation with pH, whereas oxidation rates with either the Glu232 or 
His232 variant gives strong pH dependencies indicative of a hydrogen bond to Tyr191. (D) 
Dependence of Cc(Fe2+) oxidation rates on pH for CcP W191Y:L232H in 100 mM KPi 
buffers. Fit to a two-proton ionization model (eq 1) gives two pKa values of 6.46 and 7.24, 
which likely coincide with the pKa of His and the hydrogen-bonded complex, respectively.

Yee et al. Page 28

J Am Chem Soc. Author manuscript; available in PMC 2020 November 06.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript



Figure 4. 
Hydrogen bond environments surrounding residue 191 in crystal structures of CcP:Cc 
complexes. Fo – Fc difference maps of (A) W191Y CcP, (B) W191Y:L232E CcP, and (C) 
W191Y:L232H with the heme and residues 191 and 232 omitted from the phase 
calculations. Maps are displayed at a contour level of 2 σ. Distances are measured from the 
heme iron to the center of the phenol ring and between the Tyr191 hydroxyl and the residue 
232 side chain atom of closest approach. Distances are average measurements from the two 
complexes contained in the ASU. (D) Superposition of CcP Y191 variants: W191Y (red), 
W191Y:L232E (purple), W191Y:L232H (green), all in complex with Cc. Substitution of 
Leu232 with Glu results in a 1.04 Å displacement of Tyr191. Replacement with His232 does 
not significantly shift the position of Tyr191; however, under these crystallization 
conditions, His232 is angled away from Tyr191, which is likely a result of hydrogen 
bonding to Thr234 or an electrostatic interaction with Asp235.
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Figure 5. 
cw-ESR of Cpd I provides evidence for hydrogen bond formation in L232E,H CcP. (A) X-
band cw-ESR spectra of Cpd I acquired at 12 K for CcP variants. Samples contained 100 
mM KPi, pH 6 buffer, except for where indicated. W191Y:L232H at pH 7.5 was acquired 
with 4 G modulation, and all others were collected with 1.5–2 G modulation. Spectra were 
base-lined, normalized, and shifted vertically. (B) In the X-band cw-ESR spectra of 
W191Y:L232E, high pH buffer results in a narrowing and decrease of signal intensity 
(inset), indicating loss of the phenolic oxygen hydrogen bond. (C, D) X-band cw-ESR of 
H2O- and D2O-exchanged Cpd I. W191Y Cpd I shows only modest changes after buffer 
exchange, whereas W191Y:L232E Cpd I exhibits a narrowed line shape in D2O that 
resembles that of W191Y Cpd I.

Yee et al. Page 30

J Am Chem Soc. Author manuscript; available in PMC 2020 November 06.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript



Figure 6. 
ENDOR and three-pulse ESEEM spectra collected at 33.8 GHz on samples of W191Y Cpd 
I, W191Y:L232E Cpd I, and photogenerated tyrosyl solution. (A, B) Normalized 1H-ESE-
ENDOR spectra of W191Y and W191Y:L232E Cpd I species and photogenerated tyrosyl in 
H2O and D2O 100 mM KPi buffer, pH 6; νLarmor ≈ 51 mHz. Subtracted spectra of Cpd I 
species (in dark and light gray) in protonated and deuterated environments reveal H-bonding 
interactions. Spectral interference with other weakly bound protons, however, makes 
quantification difficult. The asymmetric shoulder feature in the W191Y Cpd I difference 
spectrum is likely not significant. (C) Time domain spectra (vertically stacked and 
amplitudes normalized from 0 to 1 between 0 and 3000 ns) exhibit weaker stimulated-echo 
amplitude for W191Y Cpd I compared to similarly prepared samples of W191Y:L232E Cpd 
I and photogenerated Tyr. (D) Fourier-transformed signals show hyperfine couplings near 
that of the 2H Zeeman frequency. Signals normalized to the echo amplitudes at 0 ns 
demonstrate the lower levels of hydrogen bonding in W191Y Cpd I compared to 
W191Y:L232E.
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Figure 7. 
RFQ X-band ESR spectroscopy of Tyr• radicals in CcP. X-band ESR tyrosyl radical signals 
were integrated and normalized to an Er3+ internal standard signal. Y191• was generated 
under single turnover conditions by reacting 0.15 mM CcP with 0.3 mM H2O2 and 
quenched by 0.3 mM Cc(Fe2+). Integrated, averaged, and normalized signals were fit by 
biexponential curves following a “competitive reaction” model (red and purple lines; eq 6). 
Comparison between (A) W191Y and (B) W191Y:L232E demonstrates differences in 
radical progression, which are reflected in the development of the ferryl species by UV–vis 
kinetics. (C) Scheme for radical migration. The first equivalent of bound Cc(Fe2+) quickly 
oxidizes and quenches Tyr191•, generating the ferryl species (CcP(Fe4+)) that is in 
equilibrium with state A, CcP(Fe3+–OH; Y•). Exchange with the remaining equivalent of 
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Cc(Fe2+) will compete with Tyr191• oxidation of adjacent redox-active side chains, causing 
a migration of the electron hole from position 191 to a remote (R) site (state B.) In W191Y 
CcP, ΔGex′ ≅ 0 and the radical reversibly returns to the 191 site, where it eventually 
quenches upon reaction with Cc(Fe2+) (state C). However, in the case of W191Y:L232E, the 
migrated radical does not return to 191 to be quenched by Cc(Fe2+), and instead the radical 
signal plateaus at long times.
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Figure 8. 
Brønsted linear free energy plots to evaluate possible contributions of PCET, PTET, and 
ETPT to Tyr191• reactivity; parameters are taken from Supplemental Table 3. Graph (A) 
shows poor correlation between ΔΔG* derived from the rate constants and the ΔΔG∘′ values 
calculated from eq 3. In plot (B), setting ΔE∘′ = 0 produces a modest negative correlation. 
However, if ΔΔpKa = 0, there is good agreement between the calculated changes, activation 
energy, and driving force (plot C), which indicates that the system is primarily affected by 
changes in ΔE∘′; proton affinity has little influence on the reactivity differences of different 
species. The gray dashed curve illustrates a reasonable fit to the Marcus relationship 
expressed by eq 5 with λ ≣ 0.7 eV, E∘′ (W191Y CcP) ≅ 0.61 eV, and R2 = 0.7. (D) Plot of 
reorganization energy isopleths (gray lines) as a function of driving force (between Cc(Fe2+) 
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and Y191) and driving force perturbation from the addition of E232 to Y191 CcP, as 
calculated from interprotein ET rates. By Marcus theory, 

ΔΔG ∘ ′ = − ΔG ∘ ′ − λ + 4λkBT ln
k1
k2

+ (ΔG ∘ ′ + λ)2, where the single turnover reaction rate 

constants used are k1,obs = 0.05 s−1 and k2,obs = 0.19 s−1 for W191Y and W191Y:L232E 
CcP, respectively; ΔG∘′1 = E∘′(Cc) – E∘′ (W191Y CcP); and −ΔΔG∘′ is the change in formal 
potential of Y191• CcP with E232. Reorganization energy λ is assumed to be similar 
between variants. The sign of the root was chosen such that −ΔΔG∘′1 increases as −ΔG∘′1 
increases; that is, the reaction is not in the Marcus inverted region. The square points denote 
values of ΔΔG∘′ for W191Y:L232E consistent with ΔG∘

1 calculated from comparing single 
turnover rates between Y191 and CcP systems where −ΔΔG∘ is known. Using the Marcus 
relation above, ΔG∘′1 was calculated at different λ values and only plotted if there was 
consensus with the calculated isopleths. Values are shown for rate data of F3Y191 CcP (kobs 
= 0.07 s−1). This analysis provides a range of possible −ΔG∘′1 and corresponding λ values 
for the Y191 CcP:Cc system, giving an approximate −ΔΔG∘′ between 0.18 and 0.21 eV.
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Figure 9. 
(A) Schematic of stepwise ETPT (black) and PTET (gray) mechanisms for Tyr oxidation. 
Data presented in Figure 8 support an ETPT pathway for Tyr• reduction by Cc(Fe2+) (gray; 
right to left). (B) Changes in Tyr191• formal potential owing to substitution by non-natural 
FTyr or addition of a hydrogen bond donor to the phenolic oxygen shown relative to the 
potentials of Cc(Fe2+)72 and CcP(Fe4+).123,124,136
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Scheme 1. 
Reactions of WT CcP:Cca

aProtonation of the ferric hydroxide in step III may lag or precede reduction of W191•+ in 
step IV depending on conditions.
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Table 1.

Parameters for Fits to Progress Curves of Tyr• As Measured by Rapid Freeze Quench cw-ESR Spectroscopy a

variant A0 kf [s−1] kr [s−1] kobs [s−1]

W191Y 240 ± 110 0.019 0.061 0.061

W191Y:L232E 240 ± 110 0.025 0 0.15

aR2 ≅ 0.4–0.5.
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