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ABSTRACT: Mechanistic studies of proton-coupled
electron-transfer (PCET) reactions in proteins are
complicated by the challenge of following proton transfer
(PT) in these large molecules. Herein we describe the use
of isothermal titration calorimetry (ITC) to establish
proton involvement in protein redox reactions and the
identity of PT sites. We validate this approach with three
variants of a heme protein cytochrome ¢ (cyt ¢) and show
that the method yields a wealth of thermodynamic
information that is important for characterizing PCET
reactions, including reduction potentials, redox-dependent
pK, values, and reaction enthalpies for both electron-
transfer (ET) and PT steps. We anticipate that this facile
and label-free ITC approach will find widespread
applications in studies of other redox proteins and
enhance our knowledge of PCET reaction mechanisms.

P roton-coupled electron-transfer (PCET) reactions are
central to biological redox processes”” and also underlie
the action of many chemical systems for energy conversion in
small-molecule catalysis, electrochemical devices, and solar
cells.”™ Mechanistic investigations of PCET in proteins have
illustrated the exquisite control of PCET reactivity in these
native systems">°”® and the value of studying them directly,
both to uncover the details of biological mechanisms and to
guide the design of bioinspired chemical systems.

Tracking protonation changes and even determining
whether proton transfer (PT) accompanies the redox change
in proteins, however, can be difficult. The pH dependence of
the reduction potential is a useful marker of PCET behavior,
but these measurements can be complicated by difficulties in
establishing protein—electrode interactions, the use of
mediators, and the presence of multiple redox centers. The
pH dependence of rates of redox reactions is commonly
measured in PCET studies, but its origin has been debated.”
NMR and IR measurements are traditionally used to identify
the ionizable groups,'”™"* but obtaining this information for
proteins is complicated by the many titratable groups and
spectral overlap.

We have developed a method to perform proton inventory
and determine sites of protonation (deprotonation) in redox
reactions. Isothermal titration calorimetry (ITC) is a powerful
tool to get access to the protonation equilibria and redox
thermodynamics. Inspired by proton-linkage studies of
protein—protein complexation,”~'* we thought that when
redox reactions are performed through isothermal titrations in
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a calorimetry cell,'® associated changes in the observed
(apparent) enthalpy (AH,,,) can be used to determine the
number of protons involved and the sites of protonation
(deprotonation). When redox reactions are accompanied by
protonation (deprotonation) processes, the observed calori-
metric enthalpy of the reaction (AH,,) will depend on the
buffer ionization enthalpy (AH,,) and the protonation
enthalpy of the ionizable group (AH,,,) scaled by the number
of protons involved (Any,) (eq 1, where AHj is the enthalpy
of the reaction in a buffer with zero ionization enthalpy).">"’
The pK, values and site-specific enthalpies of protonation
AH, can be extracted from measurements of apparent
enthalpies AH, at different pH and in buffers that differ in
AH,,,. Importantly, different ionizable groups in proteins have
distinct AH,,,, values (Table S1),">'"~" and these parame-
ters, together with pK, values, can be used to identify (or
narrow down) the groups involved.

AHobs = AI_Irxn + AnH+ X (AHion + AI_Iprot)

= AH, + Any, X AH,,, (1)

We have validated this protocol with pseudowild-type
(WT*) and two switchable variants of yeast iso-1 cyt ¢ (Figure
1 and Figure S1).*° Redox-linked ligand switching of
K79H*"** and T78C/K79G>® was expected to be coupled
with deprotonation of His and Cys side chains, respectivelzf,
under some pH conditions. Work by Bowler et al. on K79H™*
and our studies of T78C/K79G (Figure S2) demonstrate that
the kinetics of redox reactions for both of these variants indeed
depend on pH. Analyses of these kinetics have revealed
intrinsic pK""** values (Table 1) for ferric (oxidized) species
consistent with deprotonation of His and Cys. The 695 nm
charge-transfer band is a characteristic feature of the Fe(III)-
Met ligation in cyt c.”> At fast bimolecular oxidation rates, this
band is readily apparent in spectra of early reaction transients
for both K79H and T78C/K79G (Figure S3), suggesting that
electron transfer (ET) precedes the ligand switch (Scheme 1).

Figure 2 depicts redox processes and coupled protonation
and ligand-switching equilibria in K79H and T78C/K79G.
The pK, values for deprotonation of XH* (His79 and Cys78
here) in ferric proteins (pK?*) are sums of pK"%°* and pKc (eq
2),%® where K¢ is a conformational exchange constant related
to the difference in stability of Met80- and X-ligated
conformers (Scheme S1). Since there is no ligand switch in
ferrous proteins, pK™™! = pK™, Fractional populations of
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Figure 1. Structure of yeast iso-1 cyt ¢ showing positions of axial
ligand Met80 and mutation sites for variants in this study. In WT*,
both ferric and ferrous hemes are Met80-ligated. Ferric K79H
undergoes a pH-dependent Met80-to-His79 ligand switch (pKS* =
6.03 + 0.09, ref 21. Ferric T78C/K79G maintains Cys78 coordination
to the heme iron over a wide pH range, ref 23. Ferrous K79H and
T78C/K79G have Met80 coordinated to the heme iron.

protonated XH" species in the ferric (x,,) and ferrous (x.q)
proteins are defined by eqs 3 and 4, and their difference is
Any, (eq 5). Reaction enthalpies for heme iron oxidation
AHMM (without ligand switch) and AHM™ (with ligand
switch) are buffer- and protonation-independent. These values,
as well as the enthalpy of protonation AH,, of X and the
enthalpy of Co(phen);** reduction AH(Co3/?"), are
combined with x,, and x,.q to give AH, (eq 6).

PK ™ = pK ™™ + pK¢ @)
10K —pH)
NPT (3)
10(PK“~pH)

xred = —re
1+ 10K -PH) )

AnH+ = (xox - xred) (s)
AH, = AH™ + (AEMM — AH™X) X «,
+ AH X Ang+ + AH(C03+/2+) (6)

prot

Ferrous Met-ligated WT* and mutant cyt ¢ proteins were
oxidized by titrations with Co(phen);**. Experimental thermo-
grams, together with the known thermodynamic values for the

Scheme 1. Redox-Linked Ligand Switching in K79H and
T78C/K79G
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Figure 2. Square scheme showing redox interconversions and the
linked ligand-switch and protonation processes in K79H (X = His79)
and T78C/K79G (X = Cys78). The dashed arrow represents redox-
linked deprotonation of XH', and this PCET reaction is stepwise
(Scheme 1) and not concerted ET/PT.

metal complex,”” allow for straightforward calculations of heme
iron reduction potentials (Figure 3 and Table 2). While AH,,
for the two switchable mutants show the marked dependence
on AH,,, of buffer at pH 6.0, the AH, values for WT* do not
vary with AH,,, under these conditions (Figure S4). These
findings indicate that oxidation of K79H and T78C/K79G
results in proton release to the buffer but oxidation of WT*
does not. The number of protons Anyy+ and buffer-independent
AH, values extracted from these dependences are listed in
Table 2. Our ITC-derived thermodynamic parameters for
heme iron reduction are in accord with those from electro-
chemistry experiments for these and similarly ligated cyt ¢
variants (Table $2).>%*773°

Extending these measurements to a range of pH has yielded
the dependence of Any, on pH. For K79H, a variant that is
Met-ligated in its ferric state at low pH but becomes His-
ligated at high pH (Figure 2), the profile is bell-shaped and
both pK™ and pK™ can be extracted from a fit of the

Table 1. pK, Values and Enthalpies of Heme Iron Oxidation (AH™™ and AH™%) and Protonation (AHP

T78C/K79G Variants of Yeast iso-1 Cyt ¢

) for K79H and

rot.

variant X pKitoxa pK* AHMM (keal/mol) AHMX (kcal/mol) AH, (kcal/mol)
K79H His79 6.79 + 0.06° 6.00 + 0.08° 7.19 + 0.08 16.8 + 3.1 185 + 1.9 -93 +2.6
T78C/K79G Cys78 7.9 £ 0.7 <257 9.7 £ 0.3° 15.6 + 0.9 143 + 46 112 + 52

“pK™* s an intrinsic pK, value (Scheme S1), determined in kinetics studies. “From ref 21. “pK™ = 6.03 + 0.09, determined from
spectrophotometric titrations (ref 21). “From ref 23, the value represents the upper limit of pKS* since ferric T78C/K79G denatures before Cys78
is protonated. “pK* = 2.5 was fixed. "The value AHM™ for WT* was employed.
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Figure 3. (A) ITC thermogram for oxidation of ferrous K79H by
Co(phen);* in a 10 mM maleate buffer at pH 6.25 containing 100
mM NaCl. (B) Dependence of AH,, on AH,, for oxidation of
ferrous K79H by Co(phen);** at pH 6.25. The linear fit of this
dependence to eq 1 determines Anyy, (slope) and AH, (intercept).

dependence to eq S (Figure 4A). The pK{* value is similar to
that from equilibrium spectroscopic measurements of K79H.>!
For ferric K79H, the comparison of pKy'"** and pKZ* (Table 1)
suggests that the His79-ligated conformer is more stable than
the Met80-ligated conformer. This relationship can be in part
attributed to the higher affinity of ferric heme iron for His than
for Met.*"*!

The pK® of K79H has not been known prior to this work.
This value is higher than the pK™°* suggesting extra
stabilization of the His79-protonated conformer over the
deprotonated one upon reduction of the protein. Favorable
interactions of the protonated His79 with one of the heme
propionates in ferrous K79H (Figure SSA) provide a possible

AH0 (kcal/mol)

55 6 65 7
pH

Figure 4. pH dependence of (A) Any and (B) AH, for oxidation of
ferrous K79H by Co(phen);*.

rationale for this result. Analyses of the effects of pH on
thermal denaturation of ferrous K79H further support the
stabilization effect of His79 protonation (Figure SSB).

Ferric T78C/K79G remains Cys-ligated within the entire
pH range studied; ligand displacement in this variant requires
highly acidic conditions that result in protein denaturation.”
This limitation does not allow for independent experimental
determination of pK{* and, as expected, the ITC-derived pH-
dependent redox profile for this variant shows a variation of
Any with pH only at high pH (Figure S$6). The acid unfolding
results, however, allow us to set the upper limit of pK* (Table
1). Fitting the dependence in Figure S6 with pKS* = 2.5 yields
pK® = 9.7 + 0.3. The finding that pK™! > pK™°* reveals
redox-dependent changes in relative stability of protein
conformers with protonated and deprotonated Cys78 in
T78C/K79G as well. The interior location of Cys78 in
T78C/K79G (Table S3) will favor the protonated (neutral)
form of this residue near the ferrous porphyrin.

Analyses of the pH profile of AH, (Figure 4B and Figure
S6B) provide additional pieces of information about the
proton-coupled redox reactions in these variants. Fitting these

Table 2. Number of Protons Any, and Buffer-Independent AH,, Values for Oxidation by Co(phen);**, Heme Iron Reduction
Potentials, and Enthalpies of Heme Iron Reduction for Yeast iso-1 Cyt ¢ Variants from ITC Experiments at pH 6.0

His18-Fe"-Met80 + Co(phen);*" —

His18-Fe'"-X + Co(phen);**

His18-Fe''-X + e~ — His18-Fe'-Met80

variant X Ang,”
WT#* Met80 0.04 + 0.02
K79H His79 —0.48 + 0.03
T78C/K79G Cys78 —0.89 + 0.04

AH, (kcal/mol)* E (mV)”® AH (kcal/mol)©
7.7 £ 0.1 293 +3 —15.6 + 0.9
157 + 0.2 246 + 2 —-19.1 + 1.6
16.0 + 0.1 93 +3 —13.9 + 4.7

“The data and fits are displayed in Figure S4. bCalculated from equilibrium constants (K,y) for the ITC-run oxidation reactions. “Calculated as
AH(Co*/*) + Any, X AH,,. — AH,. The enthalpy AH(Co*/*") was taken as —7.9 + 0.9 kcal/mol, calculated from E and AS° values in ref 27.
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dependences to eq 6 yielded the reaction enthalpies, AHY™
and AH™ as well as the enthalpy of protonation AH,, of the
PT site (Table 1). The AHY™ and AH™™X values are similar,
and this finding agrees with the previously suggested
importance of entropic factors to the redox change at the
heme iron and the ligand-switching mechanism.”” Importantly,
for both K79H and T78C/K79G, AH,, is fully consistent
with the values for His and Cys (Table S1),'" respectively,
providing an independent confirmation of these groups as the
PT site in PCET reactions of these proteins.

In summary, our studies illustrate the utility of ITC as a
facile and label-free method to determine proton involvement
in redox reactions and the identity of PT sites. The method
yields a wealth of thermodynamic information important for
characterization of PCET reactions, including reduction
potentials, redox-dependent pK, values, and reaction enthalpies
for both ET and PT steps. Our findings with the three cyt ¢
variants used to validate this approach are fully consistent with
other characterization methods from studies by others or
performed in this work. Further, new kinetic data and redox-
dependent pK, values for K79H and T78C/K79G have
uncovered properties of conformers involved in redox-linked
ligand switching,3Z_35 a mechanism common to biological
sensors and redox metalloenzymes. We anticipate that this ITC
method will find exciting applications in studies of PCET
reactions of other metalloproteins, including those where
thermodynamic information about ET and PT sites might be
difficult to obtain by other means.
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