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ABSTRACT: To study the engineering requirements for proton pumping in energy-converting enzymes such
as cytochromes oxidase, the thermodynamics and mechanisms of proton-coupled electron transfer in
two designed heme proteins are elucidated. Both heme protein maquettes choseb;figt@\24],

and hemeb—[A7-His],, are foure-helix bundles that display pH-dependent heme midpoint potential
modulations, or redox-Bohr effects. Detailed equilibrium binding studies of ferric and ferrous theme
with these maquettes allow the individual contributions of hepretein association, irerhistidine ligation,

and heme-protein electrostatics to be elucidated. These data demonstrate that the larger, less well-structured
[H10A24], binds heméb in both oxidation states tighter than the smaller and more well-structwéd [

His]» due to a stronger porphyrirprotein hydrophobic interaction. The 66 mV (1.5 kcal/mol) difference

in their heme reduction potentials observed at pH 8.0 is due mostly to stabilization of ferrous heme in
[H10A24], relative to [A7-His].. The data indicate that porphyritprotein hydrophobic interactions and
heme iron coordination are responsible for evalue of 37 nM for the hemb—[A7-His], scaffold,

while the affinity of hemeb for [H10A24], is 20-fold tighter due to a combination of porphyriprotein
hydrophobic interactions, iron coordination, and electrostatic effects. The data also illustrate that the
contribution of bis-His coordination to ferrous heme protein affinity is limite®,0 kcal/mol. The 1H/

le redox-Bohr effect of hembé—[H10A24]; is due to the greater absolute stabilization of the ferric
heme (4.1 kcal/mol) compared to the ferrous heme (1.4 kcal/mol) binding upon glutamic acid deprotonation,
i.e., an electrostatic response mechanism. Th&/2# redox-Bohr effect observed for hente-[A7-

His], is due to histidine protonation and histidine dissociation of ferrous hewoggon reduction, i.e., a
ligand loss mechanism. These results indicate that the contribution of porplpyatein hydrophobic
interactions to heme affinity is critical to maintaining the heme bound in both oxidation states and eliciting
an electrostatic response from these designed heme protein scaffolds.

Proton-coupled electron transfer is a fundamental com- the electrostatic response that attempts to maintain electro-
ponent of the proton pumps involved in biochemical energy neutrality results in the observation of more modégtghifts
transduction 1—3). Redox-linked acietbase equilibria, or (12, 13).

redox-Bohr effects, are responsible for the proton pumping  syydies on iror-sulfur and heme proteins reveal a diversity

action of respiratory complexes I, lll, and IV: NADH-  of mechanisms and stoichiometries of protatectron
ubiquinone oxidoreductase, ubiquinol-cytochromeoxi- coupling. In natural irorsulfur proteins, the 1H1e™ event
doreductase, and cytochromexidase, respectively-6). at the [3Fe-4S1° center inAzotobactewinelandiiferredoxin

While placing acid or base groups into low dielectrics shifts | (AVFd) is due to a local aspartic acid, while the 2He
their pK, values, further shifts are induced upon cofactor gyent at the complex lll-type [2Fe-23}" Reiske protein
oxidation or reduction due to the electrostatic response 10 f,om Thermus thermophilus due to the histidine Natoms
the formal change in charg&)( In the case of the Mitchell 4t are not directly coordinated to the irob4¢16). In
Q-cycle quinones, largeKa shifts are observed because the atural heme proteins, monoheme cytochrathdisplays a
cofactor binds protons directly as it is reduced from the 1p+/1e coupled event due to histidine ligand protonation
quinone to the semiquinone and quinol states whose respeczq dissociation, while the multi-heme cytochrosspecies
tive pKa values are-7, +5, and+12 (8, 9). In the case of  gigplay 2H/2e~ coupled events localized to a heme propi-
metal cofactors which bind protons on their ligands or on gnate and a noncoordinating histidir7¢19). In de novo
local amino acids, proton binding to and release from local gesigned proteins, proton-coupled electron transfer reactivity
bases and acids partially compensate for the change in localy; poth iron-sulfur and heme active sites has also been
charge upon oxidation and reductidr0(11). In these cases,  gpserved 20-23). The best described redox-Bohr effect is
in hemeb—[H10A24],, a designed heme protein that shows
' This work was supported by an American Heart Association grant two distinct 1H/1e™ proton-coupled electron transfer events
?cighlzéeﬁcggﬁggﬁgr?gkqg'FRe'|Ig\(/:vksr;]?;VI(eggE?Orze-gigsc)ﬁ a National 4,6 o glutamic acid and lysine protonation. While the effect
*To whom correspondence should be addressed. E-mail: brg@ ©f proton binding near each of these metal sites in modulating
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and proton/electron stoichiometries are variable dependingHEELLKKFEELLKLAEERLKKL-CONH,; A7-His, Ac-
on the protein scaffold. Furthermore, the underlying effects CGGGEIWKLHEEFIKLFEERIKKL-CONH.
of proton binding on the absolute stability of the two metal ~ UV—Vis SpectroscopyJV —visible spectra were recorded

cofactor oxidation states are not well understood. on Varian Cary 100 or Perkin-Elmer Lambda 25 spectro-
Our approach to clarifying the structuréunction relation- ~ photometers using quartz cells with path lengths of 1.0 and

ships in the natural respiratory complexes, such as proton10 cm. Peptide concentrations were determined spectropho-

coupling to heme reduction in cytochromexidase 24— tometrically using arezgo of 5600 M~ cm? per helix.

26), is to evaluate the equilibrium thermodynamics of metal Heme Redox Potentiomet@hemical redox titrations were

cofactor affinity and electrochemistry in simplified de novo performed as previously described with all values reported
designed proteins, or maquette®7 By measuring the  relative to the standard hydrogen electro@6)( Titrations
absolute thermodynamic affinity of designed protein scaffolds were performed in aqueous solutions containindtheme

for ferric and ferrous hemes along with their related Proteinin 20 mM buffer and 100 mM KCl over the pH range
electrochemistry, we are elucidating the fundamental factors 0f 4.0-8.0. The following buffers were used: KfpH >

that govern the reduction potentials of hemes in biol@g).(  6.6), MES (5.5< pH < 6.5), and citrate (pH< 5.0).

We have designed a stably folded fawhelix bundle, 77- pH Dependence of the Peptide-Bound Heme b Reduction
His], or [A7-Hiol14l21]2, and measured the absolute affinity Potential As Determined by Heme Redox Potentiométrg.

of its two bis-His heme binding sites for ferric and ferrous reduction potential as a function of pH for [H10AZ24hows
hemeb (29). As observed for many designed heme proteins two distinct proton-coupled electron transfer events with 60
(30), hemeb—[A7-His], displays spectroscopic properties MV per pH slopes indicative of a Itile” coupled event
similar to those of natural bis-His coordinatdsitype (20). The data between pH 8.0 and 3.0 are best fit to an
Cytochromes' e.g., the Cytochrorbesubunit of the Cyto- equilibrium model in which there is a one-proton/one-
chromebc, complex @1). Using this approach, we have e€lectron electrochemical event.
demonstrated that axial ligand basicity affects ferric and not

ferrous heme affinities and that electron-withdrawing sub- _ RTI 1+ 107 PHPK
; ; ; ; Emeas™ Eacia — 7 In _ ox 1)
stituents on porphyrins elevate reduction potentials by NF " 1 4 10 PHtPKa
destabilizing the ferric heme with little alteration in ferrous
heme affinity 32—34). where Eneasis the measured reduction potential at a given

Herein, we report the effect of the protein scaffold and its pH, Eaca is the limiting reduction potential at low pH
response to solution pH on the ferric and ferrous hdme corresponding to the Fe(lll)/Fe(ll) couple of the fully
affinities and the bound heme electrochemistry of two protonated heme protein, and#9(7.0) and K% (4.2) are
designed heme proteinsAT-Hisl, and [H10A24}, in the K, values in the reduced and oxidized states, respec-
examining the fundamental basis for their redox-Bohr effects. tively, of the residue that leads to the pH-dependent reduction
The reduction potentials measured at various pH valuespotential. IR spectroscopy has been used to assign the residue
demonstrate that the scaffolds exhibit distinct redox-Bohr responsible for the redox-Bohr effect to a glutamic a2ig).(
events. Detailed equilibrium thermodynamic measurements The heme reduction potential as a function of pH for heme
of the ferric and ferrous henteaffinities of the two scaffolds ~ b—[A7-His], displays a 120 mV per pH slope indicative of
reveal the individual contributions of porphyriprotein a 2H"/1e coupled event. Thus, the data can be fit to a
hydrophobic interactions, heme iron coordination, and protein proton-coupled electron transfer model in which there is one
electrostatics to the observed conditional dissociation constantwo-proton/one-electron electrochemical event.
values and midpoint reduction potentials. The heme dis-
sociation constantKy, values over a wide pH range also RT, 1-+ 10 2PH2
reveal the mechanistic basis for the observed proton-coupled Emeas™ Eacia ™~ nE In 1 4 10 2pH2RK (2)
electron transfer events in each scaffold and provide a

rationglg for their differences. These data provide a global Alternatively, the data may also be adequately described by
description of the effect of protons and electrons on the 3 giandard Hendersetasselbalch equation for the proto-
absolute affinity of each heme protein maquette scaffold for nation of the two histidine residues and the concomitant

ferric and ferrous hemé and the resulting redox-Bohr  yissociation of the heme group in the reduced sta®. (
events.

red
a

1

MATERIALS AND METHODS Emeas™ Eacia — AE T, +
Reagents=moc-protected amino acids were obtained from 1 3)
Bachem. HBTU, O-(1H-benzotriazol-1-yl)N,N,N',N'-tet- 10 PHHPKETed g

ramethyluronium hexafluorophosphate, was purchased from

Qbiogene. Guanidine hydrochloride (8 M) was used as where the midpoint reduction potential measured at any pH,

received from Pierce. All other chemicals and solvents were g_ .. is a function of the midpoint potential at acidic pH

reagent grade. values E,qq the change in midpoint reduction potential due
General Procedure for the Preparation of Peptidébe to deprotonationAE, the solution pH value, and the acid

peptide ligands were synthesized by solid phase peptidedissociation constant of the histidine ligands in the presence

synthesis and purified to homogeneity as previously de- of metal, the effective I§, value or gKgf-red

scribed 83—35). The primary structures of the helices in Potentiometric pH Titrations in Heme Affinity Studies.

each peptide are, as follows: H10A24, Ac-CGGGELWKL- Potentiometric pH titrations were performed manually using
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an anaerobic 1.0 cm path length cuvette fitted with a pH Scheme 1: Mechanisms of Shiftirtg,°°u"din the Positive
electrode under a stream of nitrogen gas. The pH ofi®10 Direction by Altering the Affinity of a Protein for the
heme protein samples in a combination buffer (20 mM Oxidized Heme (gray) and Reduced Heme (black) States
HEPES, 20 mM MES, 20 mM citrate, and 100 mM KCI) A B C D E
was adjusted via addition of microliter aliquots@®N HCI.

Between each addition, the samples were allowed to equili-

brate for up to 20 min prior to measurement of the heme
protein absorption by U¥vis spectroscopy. For the ferrous K.6r AG
heme protein samples, sodium dithionite was added to ensure ¢ I I

complete reduction prior to the start of the titration. The pH
dependence of the Soret band absorbandgatwas fit to
an equation for the cooperative protonation of the two heme

ligating histidine residues, as shown for the oxidized state. . o .
b—[H10A24],, pK.oM is the glutamic acid Ig, value in apo-

1 @) [H10A24], (estimated to be greater than or equal ka'gs),
pKs is the K, values of the histidine residues in the
apoprotein, and % is the effective |, value of the

where the absorbance measured at any pH,n&bss a histidine ligands in ferric hemb—[H10A24], (determined

function of the initial absorbance, Afsthe change in  from the potentiometric pH titration). An analogous equation
absorbance due to protonatiavibs, the solution pH value,  was derived for the ferrous herbe-[H10A24], protein with
the number of protons involved in the process, two, and the the correspondingia'®® and K¢ values for the holo-
acid dissociation constant of the ligands in the presence ofprotein and identical apoprotein valueK§" and <.

AbS, ...= Abs, + AAble_szﬂpKaeM 1

metal, the effective I§, value or K °% An analogous The pH dependence of the conditional dissociation con-
equation for the reduced state provides the reduced statestantKg, values of ferric and ferrous herbe-[A7-His], were
effective K24 value of the histidine ligands. fit to an equilibrium binding expression based on the

Ferric and Ferrous Heme b Conditional Dissociation observed pH-dependent attenuation in heme binding due to
Constants in Heme Affinity Studid=erric and ferrous heme  the protonation of the two heme-ligating histidines. As such,
b dissociation constants were determined over the pH rangethe ferric hemeb—[A7-His], conditional dissociation con-
of 1.6-8.0 using previously reported titration metho@§)( stants K", expressed as formation constari€s"* o,

The buffers employed at various solution pHs were as may be described in terms of solution pH, the pH-
follows: 20 mM KPR and 100 mM KClI at pH 8.0, 20 mM  independent formation constait,, and the K¢ and
HEPES and 100 mM KCI at p#6.6, 20 mM MES and pKJ™'s values of the histidine residues in the oxidized heme
100 mM KCI between pH 5.5 and 6.5, and 20 mM citrate protein and apoprotein states, respectively.
and 100 mM KCI at pH<5.0. Equilibration times between _ ,
additions varied from 20 min (pH 6.0) to overnight (pH cond-ox v, ox 107 2PHF2RKITE g phipKTE
<6.0). Ferrous heme samples were maintained at a reducing Ks o 107 2PHH2OKEM0X g (g pHHpK e ox 6)
potential by addition of sodium dithionite prior to the start

spectrophotometer within an Atmosbag (Sigma-Aldrich- [, _[A7-His], protein data with a corresponding< e
Fluka, Milwaukee, WI) under a nitrogen atmosphere. value and an identical apoproteilgis value.

pH Dependence of the Conditional Dissociation Constants
in Heme Affinity StudiesThe conditional dissociation RESULTS
constantsKgy, measured as a function of pH for ferric and
ferrous hemeb—[H10A24], were fit to an equilibrium

Experimental Designlhe midpoint reduction potential of

o - i eme bound to a proteii,,>°""? is fundamentally governed
binding expression based on the observed pH dependengy the ratio of the ferric and ferrous heme dissociation

attenuation in heme affinity due to the protonation of three .
residues, one glutamate agd two heme-rt))ound histidines. Theconstant valuesiK e and K4, respectively, and the

equation used to fit the ferric hente-[H10A24];, dissocia- Egg)gction potential of the unbound henf&,", as follows
tion constant data is as follows: '

107 3PHPKS2pK S Fell)

+ 10—2pH+pKaG'L'-b-pK;,\"'is
ox + 10 PHIPKLY

bound _ free E Kd
E, =E, + nFIn KdFe(”)

(7

K cond-ox _ K (5)
f T BpHHPK 2K o As with all redox cofactor-containing proteins, the reduc-
o 1O 2PHHPK PR tion potential of the heme reflects the relative affinities of
4 10 PHHPK™ the protein for the heme in the two oxidation staté8—

42). In addition, the heme reduction potential also reflects
whereK°% is the pH-independent formation constant at pH the difference in the global stabilities of the holoprotein fold
values where all three residues are deprotonated for ferricin the two oxidation state€l8—45). Structural modifications
hemeb—[H10A24],, K% is the conditional formation  that cause changes Ey*°"" result from a stabilization or
constant at each solution pH which is equivalent 5", destabilization of either one or both of the heme iron
pKL* is the glutamic acid g, value in ferric heme  oxidation states. As illustrated in Scheme 1, any one of five
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mechanisms can account for a positive shift in the value of 100 A
EnPound between heme proteins: (A) stabilization of the
reduced state (black), (B) destabilization of the oxidized state
(gray), (C) stabilization of the reduced state with destabiliza-
tion of the oxidized state, (D) stabilization of both states but
greater stabilization of the reduced state, and (E) destabiliza-
tion of both states with greater destabilization of the oxidized
state. While the relative stabilization of the reduced state
over the oxidized state is constant in mechanism<Aof
Scheme 1, the magnitudes of the absolute (de)stabilizations
are highly variable.

Using the truncated heme protein maquette scaffd\d; [
His],, we have determined the mechanisms by which various 01
structural factors alter ferric and ferrous heme affinities and 400 300 200 G000
thereby modulate their midpoint reduction valuds, (47). Potential (mV vs. SHE)
These efforts rely on our ability to accurately measure the
absolute affinities of A7-His], for both ferric and ferrous
hemeb (29). This ability is relatively rare among heme
proteins whose thermodynamic affinities are usually only
measured in the ferric oxidation state and which may be
undeterminable due to kinetic trapping of the hem8—(
51). By measuring the heme electrochemistry and the
absolute affinities of oxidized and reduced hemesAfd-
His], and its variants, we have elucidated the mechanisms
used by the axial ligands and the heme type to modulate the
bound heme reduction potentials. For instance, changing the
axial ligands from histidine t@-(4-pyridyl)-L-alanine in a
hemeb maquette increases th&, value by 287 mV via
mechanism C, while using Fe(diacetyldeuteroporphyrin IX)
rather than hemk in a bis-histidine maquette scaffold results
in a +160 mV shift due to mechanism B3, 47). Thus, pH
individual structural modifications to a heme protein may Fure 1: Comparison of the redox activity of the heme
alter theE,, value by different mechanisms from Scheme 1. b—[H10A24], (®) and hemeb—[A7-His], (M) heme-protein

The design of the &7 i sequence i based o the oS e o cxution s
prot(_)type tW.o_heme protein m_aquette, _[Hl_OA;g4/}{hose . of —1g6i 10 and—222iu10 mV, respe(F:)tiver. Bgth exp?eriments
architecture is a noncovalent dimer of disulfide-bridged di- yere performed in 20 mM KP100 mM KCI, pH 8.0 buffer at 25
o-helical peptides oro-SS«) (27). Since the minimalist  °C. (B) Effect of solution pH on the reduction potential of heme
design of the [H10A24]helices is based on four repeats of b—[H10A24], (®). A glutamic acid, K> value of 4.2 and K"
seven amino acids, or heptadsb¢defg, truncation was \t/)altue of 7|-_|0’450h'ﬂ3 dtg% heme. m'dpo.:j”t pOte”t('ja' PULS0 MV
ficcompliShed by de_let?ng th.e .C?mral h_eptad Which _does nOtofeg.vfggé)lo.é, raegpe(-:ti\-/ely?lzlhni?tsr?ﬁ:e :Je‘f’jalﬁzfilgn géatlen;;ubeys
include the heme-binding histidine residuég)( Addition- mV between pH 9.0 and 11.
ally, several leucine residues were replaced \Withranched
isoleucine residues to improve the conformational specificity reduction potentials at pH 8.0 as well as for the observation
of the apoprotein scaffold as evaluated by NMR spectroscopy of proton-coupled electron transfer in the latt2@)( Figure
(29). The resulting peptide A7-His],, is smaller than the 1A shows that hemb—[A7-His], and hemeéb—[H10A24],
Dutton maquettes, comparable in size to the combinatorial have E, values at pH 8.0 of—222 and —156 mV,
library of heme proteins developed by Hecht and co-workers, respectively. The reduction potential value of hemgA7-
and larger than peptidylporphyrin complexes53—55). The His], (—222 mV) is close to the value of the bis-imidazole
[A7-His], scaffold is less stable and more well-structured complex of heméd in aqueous solution which suggests that
than the molten globule-like [H10A24in the apo state, and  both hemes are solvent accessible. The observed 66 mV shift
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both scaffolds are stable to pH over the range of-1L.D.0 in En between the two maquettes represents a 1.5 kcal/mol

as evaluated by CD spectrosco@yr. change in the ratio of the ferric and ferrokigvalues due to
For this study, we have selected these two different bis- the thermodynamic relationshipAG = —nF x AEpn.

His hemeb protein maquettes, hente-[A7-His], and the In terms of proton-coupled electron transfer, the reduction

related heméd—[H10A24], prototype, to evaluate the role  potentials of [H10A24] containing one hemieor two hemes

of the pH response of the protein scaffold in modulating b are pH-dependent with the Pourbaix diagram for the former
heme affinities and reduction potentials. While both of these presented in Figure 1B(0). Two distinct 1H/1e" proton
scaffolds contain two heme binding sites, we chose to limit coupling events are observed: one assigned by IR spectros-
our study to the maquettes with only a single heme bound copy to a glutamic acid residue with oxidized and reduced
to simplify the analysis. This was achieved by addition of state [K, values of 4.2 and 7.0, respectively, and a second
only 0.9 equiv of heme to the four-helix bundle. These heme one ascribed to a lysine residue with oxidized and reduced
proteins were selected for the difference in their single heme state (K, values of 9.4 and 10.3, respectively. Since the
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majority of theE,, modulation in hemé&—[H10A24}, is due

to the glutamic acid residue, our efforts focused below pH
8.0. In addition, we chose to study the scaffolds with only a
single heme bound to avoid the complications due to the
observed hemeheme electrostatic effects and the presence
of multiple Kq4 values for each oxidation state, i.&g;™("

and KdZFe(III)_

In this study, we evaluate the role of the protein scaf-
fold and its response to solution pH in altering the ferric
and ferrous heme affinity of these two maquettes to probe
their mechanisms of proton-coupled electron transfer. The
effect of solution pH on the reduction potential of heme
b—[A7-His], was determined for comparison to the heme
b—[H10A24], redox-Bohr effect. These data were coupled
with the absolute affinities of the two heme protein maquette
scaffolds for both ferric and ferrous herbén an effort to
describe the effect of scaffold protonation on their absolute
ferric and ferrous hemé affinities. While both scaffolds
exhibit proton-coupled electron transfer events, detailed
thermodynamic data reveal that their mechanisms for proton
coupling are distinct. This is due in large part to the
differences in the energetics of porphyriprotein hydro-
phobic interactions between the two scaffolds. The data
also reveal that the 66 mV shift ik, between the two
magquettes results from the stabilization of both ferrous heme
b—[H10A24], and ferric hemeb—[H10A24], relative to
hemeb—[A7-His],, or mechanism D of Scheme 1.

Redox Actiity Comparison of Heme b Bound to th&7-
His], and [H10A24} Maquette ScaffoldsThe pH depen-
dence of the hemle—[A7-His], maquette midpoint potential
was evaluated for comparison to heime[H10A24],. As
shown in Figure 2A, as the pH value is lowered<8.0,
the En, value of hemd—[A7-His], shows a positive increase
in potential and, at pH values 0of7.0, requires long
equilibration times, 20 min per potential poise, to prevent
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Ficure 2: Comparison of the Pourbaix diagram of heme[A7-
His], (M) with that of hemeb—[H10A24], (®) between pH 3.0
and 9.0. Each point represents the midpoint potential derived from
a separate redox titration of the heme protein maquette. (A) The
data for of hemé—[A7-His], can be fit to 2H/1e™ coupled event

hysteresis between the oxidative and reductive titrations. A with pK.2< and s values of 5.4 and 6.8, respectively, using eq

+183 mV (4.2 kcal/mol) positive shift in the heme reduction
potential is observed upon going from pH 8:6222 mV)

to pH 4.0 (39 mV) for the hemé—[A7-His], maquette.
The data show a slope of 120 mV per pH unit which indicates
a 2H/1e proton-coupled electron transfer reaction stoichi-
ometry. Attempts to fit the data to a THe redox event
yielded unsatisfactory results as shown by the dotted line in
Figure 2A. Fitting the pH dependence of thg value to a
two-proton/one-electron equilibrium model, eq 2 (solid line
in Figure 2A), yields a K.° value of 5.4 and algs?value

of 6.8. These K.°>* and Ky values are in the general range

observed for other de novo designed heme magquettes, e.g.

4.2 and 7.0 for [H10A24] and <4.7 and 6.8 for HP-1,
respectively, which are often interpreted as an electrostatic
response mechanism via glutamic acid on the basis of their
assignment as such in herhe [H10A24]; (20, 56).

An alternative explanation for the data is provided by a
fit to the HendersonrHasselbalch equation (eq 3), which
indicates a ligand loss mechanism of proton coupling to
electron transfer. In this interpretation, reduction of ferric
heme b—[A7-His], leads to protonation of the histidine

2 (—). A 1H*/1e Pourbaix equation is inadequate for describing

the data as shown by the dashed line. (B) The data are also

adequately fit to a Hendersefdasselbalch equation with a single

two-proton K £f-red value of 6.1 ).

model with a X "edvalue of 6.1. These data indicate that
the K value, the histidine I, in the apo scaffold, is at
least greater than 6.1 since binding of ligand to the metal
lowers the ligand K, value, i.e., IS < pK..

Comparison of the pH Stabilities of Heme-[A7-His],
and Heme b [H10A24],. Potentiometric pH Titrations.
Panels A and B of Figure 3 show the optical spectra of ferric
(thin line) and ferrous (thick line) heme-[A7-His], at pH
8.0 and 5.3, respectively. The spectra of hdm¢A7-His],
at pH 8.0 are comparable to those of hdmmgH10A24], at
pH 8.0 and 5.3, shown in panels C and D of Figure 3,
respectively. Figure 3B shows that the Soret band intensity
of ferrous hemé—[A7-His]; is weaker than the correspond-
ing Soret band intensities of ferric heme at the same pH value
and ferrous heme at pH 8.0. These data are consistent with
either dissociation of one ligand to form a five-coordinate
heme protein, e.g., myoglobin, or dissociation of both ligands

residues with dissociation of the ferrous heme from the axial from the heme iron at the lower pH valug7j.
ligands and is described by the value of the reduced state Since the slope of the transition in pH competition

effective proton dissociation constan 4 As shown
by the bold line fit in Figure 2B, the pH dependence of the
midpoint potential of hemé&—[A7-His], can be fit to this

experiments can be used to discriminate between loss of one
ligand and loss of both ligands, potentiometric pH titrations

were performed for each protein in both heme oxidation
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Ficure 3: Optical spectra of oxidized (thin line) and reduced (thick
line) hemeb—[A7-His], and hemeb—[H10A24], at pH 8.0 and
5.3. The lower Soret absorbance of reduced hbm\7-His], at

pH 5.3 (B) relative to that at pH 8.0 (A) is evidence of dissociation
of heme from the axial histidine ligands. The optical spectra of
hemeb—[H10A24], at pH 8.0 (C) and pH 5.3 (D) are identical.
All samples were 2.uM heme protein and were allowed to
equilibrate for 60 min prior to measurement.

pH

Ficure 4: Comparison of the ferric and ferrous helme[A7-His],

(m) and heméd—[H10A24], (®) heme-protein maquette stabilities
derived from potentiometric titrations. The data for the oxidized
(black points with solid lines) and reduced (gray points with dashed
lines) heme proteins are fit to a model for the protonation of the
two axial histidine residues aKge® for each oxidation state. (A)
Fitting the data to eq 4 yields &g o value of 2.6 and alg.gf-red

. - value of 5.7 for ferric and ferrous hene-[A7-His. (B) Fits of
states. These experiments evaluate the speciation of hemehe hemeb—[H10A24], data show K% and K. ed values

b—[A7-His], and heméb—[H10A24], and determine their  of 1.7 and 2.5, respectively.

stabilities with respect to acid. Figure 4A shows the

potentiometric titrations of the hente-[A7-His], maquette In terms of the interpretation of the pH dependence of the
in the oxidized and reduced states which were used to derivemidpoint reduction potential data in panels A and B of Figure
their respective 5.2 ¢ and g2 "*dvalues. In the oxidized 2, the observed K" value of 5.7 can be used to
state, the optical data from henbe-[A7-His], are best fit differentiate between the two models that are discussed. The
using eq 4 to a cooperative two-proton transition with a coincidence of the two K.£f"¢d values, 5.7 and 6.1, and
pKS* value of 2.6 as listed in Table 1. The corresponding the improvement in the Pourbaix diagram fit using eq 3 over
data for the reduced state of herbe[A7-His], give a eq 2 indicate that the observed pH dependence ofEthe
pKred value of 5.7 when fit to a cooperative two-proton value is due to the ligating histidine residues rather than the
event, indicating that the lower Soret intensity observed for deprotonation of local glutamic acid residues. The difference
this maquette at pH 5.3 is due to dissociation of both histidine in the K24 values determined using direct proton
ligands and not formation of a stable monohistidine ligated titration, 5.7, and the pH dependence of the midpoint
ferrous heme protein. The higher concentration of protons potential, 6.1, is within the experimental error of the
required to protonate the His ligands with the ferric hdme individual reduction potential measurements. Thus, reduction
bound indicates that the histidine contribution to tie/{ of ferric heme b—[A7-His], leads to loss of histidine
His], maquette affinity for ferric heme is 1000-fold, or 4.1 coordination at pH<7.0 and a positive shift in thE, value.
kcal/mol, tighter than for ferrous heneat pH values above  This conclusion is also supported by the observation that
pKaT's, This result agrees, within a 2.5-fold or 0.5 kcal/mol the ferrous hemé Soret band is lower in intensity than the
experimental error, with the measured 300-fold difference oxidized hemeb Soret band at pH 5.3, as shown in Figure
between the hemle—[A7-His], Kg;Fe(" andKq;F¢(" values 3B, due to loss of both axial histidine ligands from the ferrous
at pH 8.0 of 140 pM and 42 nM, respectivel9. heme.
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Table 1: Thermodynamic Parameters for Helorg A7-His], and 23
Hemeb—[H10A24], )
-~
[A7-His] [H10A24], 020 =
apoprotein His 6.7 3.0
pKGlu 8.0 o o
Kays 12.0 2 (.15
ferric hemeb pK&ff—ox 2.6 1.7 3
pK2* (Glu) 5.0 5 A
pK> (Lys) 9.4 £ 0104 '/
Ka (pH 1.0) 21 mM 13uM? < ¥
Kq (pH 5.5) 40 nM 16 nM .
Kq (pH 9.0) 140 pM 32 pMR 4
ferrous hemév pKSff-red 5.7 25 0.05
pKred (Glu) 7.0
pKaed (Lys) 10.3
Ka (pH 1.0) 4.0uM? 170uM 0.00 T T
Kq (pH 5.5) 2.0uM 20 nM 0 2 4 6 10
Ka (pH 9.0) 37 nm 1.9nm [Heme]/[Protein]

? Estimated on the basis of fits to thé@ vs pH data® Estimate. FIGURE 5: Analysis of the affinity of N7-His], for hemeb in the

ferric and ferrous states at pH 5.5 performed using optical

As shown in Figure 4B, hembé—[H10A24], is more spectroscopy. Titration of ferric hemeinto a 50 nM A7-His],
solution at pH 5.5 in a 10 cm quartz cell results in an increase in

resistant to h'.sndme protonation than hekne[A?-HlS]z_ n- absorption at 412 nma() that is fit to an equation for a 1:1 heme
both the oxidized and reduced states. The potentiometricy,_[A7.His], complex with a heme dissociation constant of 40 nM.

titration of ferric hemeb—[H10A24}, is best fit to an equation  Ferrous hemé titrated into a 1uM [A7-His], solution at pH 5.5

for a cooperative two-proton transition with g% value in a 1.0 cm quartz cell under anaerobic conditions yields an increase
of 1.7. The optical spectra for the reduced state can be fit toit:‘ 3[12570Lﬁg?”Cgﬁn42lgxnvf\zté9;aé’i:gg;;etisgnwch;ﬁgtiasnftit;fo a Mlilageme
the Samgimodel and gﬁ')’e &g redva_lue Of_2'5' Since both shown by tﬁe dashed line. All samples were in 20 ml\aluMl'ES, 100
the Ko and (Ko values listed in Table 1 are  mmKCl, pH 5.5 buffer and allowed to equilibraterfa h prior to
significantly lower than the ;¢4 and K2 values from the measurement on a Cary 100 spectrophotometer.

reported hemé—[H10A24], Pourbaix diagram, histidine

protonation and heme loss are not involved in the observed
modulation of theE, value at pH>4.0. In addition, the lower
pKfo% value of the two histidines demonstrates that the o
histidine contribution to hemle—[H10A24], stability is 6.3-

fold, or 1.1 kcal/mol, tighter for ferric than ferrous herbe

per histidine ligand. Thus, bis-His coordination contributes 7 -
2.2 kcal/mol greater stability to ferric henie-[H10A24],

than to ferrous.

Ferric/Ferrous Heme b Affinity Studies. Conditional
Dissociation Constant Measuremems.the heme reduction
potential is governed by the ratio of the conditional dis-
sociation constants for ferric and ferrous heme, the absolute
ferric and ferrous heme affinities were determined as a
function of pH in an attempt to investigate the different |
redox-Bohr effects observed for hefme[A7-His], and heme 1= e RO s s e ot
b—[H10A24], (39). Figure 5 shows representative determi- pH
nations of the Condltlo_nal dissociation constants of ferr_lc and FiGure 6: Evaluation of the conditional dissociation constants of
ferrous hemé—[A7-His], at pH 5.5 whose values are listed  ferric and ferrous hemb—[A7-His], over the pH range of 1:0
in Table 1. The ferric and ferrous heme binding isotherms 8.0. Each point represents an individual determination okghg!"")
shown in Figure 5 yield condition& (" andK4 () values (5A5) Q'rf thF;": (grayf_?ciuaresg Va'?ﬁs SS $h0¥vn in Ziglu_fe 5hf_0L Ft):]*

; 0. e data are 1t to e on the pasis of a model In wnic e
Of. 40 nM anq 2.QuM for ferric and ferrqus hemb—[A7- conditional dissociation c?)nstants are modulated by protonation of
His],, respectively, at pH 5.5. A comparison of these data at he two histidine residues withkge™ox and K.ed values of
pH 5.5 with those reported at pH 8.0 demonstrates that the2.6 and 5.6, respectively, and an apoprotefas value of 6.7.
scaffold response to pH results in differences not only in
the absolute values dfs" and K™D but also in their in competition with heme binding which is demonstrative
relative valuesZ9). of bis-His heme coordination with the measurdd,§3°

Figure 6 shows the conditional dissociation constants of and K¢ values.
ferric and ferrous hemle—[A7-His], measured as a function At pH values significantly aboveka™s, where histidine
of pH between pH 4.0 and 8.0. The data show that both the protonation becomes negligible, the maximal affinity of this
oxidized and reduced conditional dissociation constant valuespeptide scaffold for ferrous and ferric heme is observed. At
are attenuated at pH:7.0. The onset of the attenuation pH 8.0,Kgy ™" andKgFe() values of 42 nM and 140 pM,
demonstrates that the proton dissociation constants of therespectively, have been determined which indicate a 300-
His residues in the apo maquett& ¥, are below 7.0. The  fold, or 3.4 kcal/mol, difference between the affinity of the
slope of these curves, i.e., 2, represents the number of protongeptide for ferric and ferrous heme that is also reflected in

11 15.0
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the measured % and K e values of 2.6 and 5.7,
respectively. At pH values approaching or beloi, the
conditional Kq4 values are seen to weaken due to proton
competition with a slope of twe-log K4 units per pH unit,

Reddi et al.

are not coordinated to the ferrous ion. In other words, the
positive shift inEy, as the pH value is lowered is due solely
to destabilization of the ferric state iMf-His], as the
stability of ferrous hemeb—[A7-Hisl, has been fully

as shown in Figure 6. This continues until the pH reaches compromised by protons. Coincidentally, the affinities of

the K¢ and (K "edvalues, the point at low pH where
the curves become pH-independent. Below tKgpvalues,

[A7-His], for ferric and ferrous hemb are equivalent at a
pH value of 4.5 where the midpoint reduction potential is

pH no longer modulates the oxidized or reduced heme —38 mV. Since theK (/K4 ratio is unity at this pH,

affinity as the heme iron does not coordinate to the
protonated His residues, HigHWhile the heme iron is not
ligated by HisH, the porphyrin remains associated with the

the measured value &.°°""Yequals that oE.™e Thus, at
this pH value, the binding contribution of axial histidine
ligands in ferric hemé—[A7-His], has exactly compensated

protein scaffold as evidenced by the association constantfor the difference between association of ferric and ferrous

values at pH 1.0.

porphyrin with the peptide.

The reduced heme data in Figure 6 are fit to an equilibrium  While the bulk of the changes observed in Figure 2B are
model based on histidine protonation using the measureddue to dissociation of histidine from the heme iron upon

pKef-red value of 5.7 along with a .S value and the
formation constant for ferrous herbebinding, K¢¢% The fit
yields an apoprotein s value of 6.7, the onset of pH
dependence, and levels out at high pH &;'éf value of 2.7

reduction, the dissociation of the ferric heme from the protein
scaffold also influences the Pourbaix diagram. At pH values
approaching the K.£f°x value of 2.6, the electrochemical
event changes to the midpoint potential of heme associated

x 10" ML, This formation constant represents a dissociation with the protein scaffold, but not coordinated to the histidine
constant value of 37 nM at high pH, consistent with the value ligands. At this point, the low pH ratio of the ferric and
of 42 nM measured at pH 8.0, and demonstrates that bindingferrousKy values predicts ak,, value of +144 mV (vide

of ferrous heme to this maquette is favorable by 10.1 kcal/ supra) which is similar to the value af100 mV observed

mol. At low pH, the fit levels out at &ss°¢"edvalue of 2.8

x 10° M~ which indicates that association of ferrous heme
b with the hydrophobic core ofA7-His}, is favorable by
7.4 kcal/mol. Thus, the affinity of A7-His], for reduced
hemeb at pH 8.0, 2.4x 10" M1, is due mostly to association
of the porphyrin with the peptide, with an only 2.7 kcal/mol
contribution from histidine ligation.

The fit to the corresponding ferric herbe-[A7-His], data
includes the K™% value of 2.6 measured by potentiometric
titration and the apoproteinkgs value of 6.7 as expected
on the basis of the ferrous results and yield& value of
7.4 x 10° M1 at high pH values. Thi&°* value represents

for four-coordinate heme in the cytochromeogf complex
(61, 62). This is the value at which the Pourbaix diagram in
Figure 2B would level out if th&, measurements were taken
at concentrations sufficient to keep the heme associated with
the peptide in both oxidation states. However, the measure-
ment of theE,, values at micromolar concentrations leads
to the observed plateau at38 mV due to the dissociation
of ferric heme from the protein scaffold under these
conditions. Thus, the dissociation of the ferric heme from
the maquette scaffold at low pH also influences the observed
Pourbaix diagram.

For the [H10A24} maquette scaffold, conditional dis-

a dissociation constant of 135 pM and a free energy of sociation constants of ferric and ferrous herewere

binding of —13.5 kcal/mol. In comparison to natural protein
scaffolds, the maquett&s (" of 135 pM is tighter than the
value of 9 nM for ferric cytbss, and weaker than the value
of 10 fM for metmyoglobin 40, 50). In addition, the fit gives

a ferric heme-protein hydrophobic core association constant,
Kassoeox of 4.8 x 10t M1 (2.3 kcal/mol) that shows ferric

hemeb has a weaker association with the protein core than

ferrous hemeb. In contrast to the ferrous results, the data
show that histidine ligation is dominant in the overall
formation constant of ferric hemle—[A7-His], as it con-

tributes 11.2 kcal/mol to the overall affinity of 13.5 kcal/

determined over the pH range of +38.0. Figure 7 shows
representative ferric and ferrog determinations at pH 5.5
which yield conditionaK 4" andK4 values of 16 and
20 nM, respectively. Thus, the measuiede" andK4e)
values of hemd—[H10A24], are virtually identical at pH
5.5.

The conditional dissociation constants of ferric and fer-
rous hemeéb—[H10A24}, as a function of pH are shown in
Figure 8. These data are best fit to an equilibrium model in
which the attenuation in the condition&} values is due to
the protonation of three residues: the two histidine ligands

mol. These results are consistent with the observation from and the glutamate residue involved in the redox-Bohr effect.
iron porphyrin model complexes that bis-imidazole sites A K () value of 1.9 nM can be extrapolated from the curve
preferentially bind ferric heme over ferrous, and from heme fit at pH 9.0, above the K.'s and K, values, where the
proteins that burial of a formally charged ferric porphyrin histidines are formally neutral and the glutamate is depro-
core, [F¢'(por?)]™, in a low-dielectric hydrophobic core is  tonated. As the pH is lowered to near 7.0, th&'ff value,
energetically unfavorable compared to burial of a formally the glutamate involved in the redox-Bohr effect becomes
neutral ferrous porphyrin core, [FH@orr~)]° (58—60). protonated and thé& () values are weakened slightly.
The fits to theKy versus pH data can be used to determine Between pH 7.0 and 4.0, the measuiégde() values are
the mechanistic basis for the Pourbaix diagram given in constant within error, as the glutamic acid and histidine
Figure 2B. The pH dependence of the midpoint reduction residues are formally neutral with and without ferrous heme
potential of heméb—[A7-His], observed between pH 8.0 bound. Below pH 4.0, the histidines begin to protonate in
and 4.0 is due to the absolute destabilization of the ferric the apoprotein scaffold which weakens the observed condi-
state, or mechanism B of Scheme 1. Once the solution pHtional K =" values, consistent with the independently
is below the ferrous heme—[A7-His], pK£f e value of measured K. value of 2.5. The fit to the ferrous heme
5.7, the ferrouKy value is constant because the histidines b—[H10A24], K" data in Figure 8 uses the independently



Proton-Coupled Electron Transfer Mechanisms

0.25

0.20 7

Absorbance
o
o
L

=
1

0.05 1

0.00 . . . .
4 6

[Heme]/[Protein]

Ficure 7: Thermodynamic analysis of the affinity of [H10H24]
for ferric and ferrous hemé at pH 5.5 followed by optical
spectroscopy. Ferric hentewas titrated into a 50 nM solution of
[H10A24}, in 20 mM MES, 100 mM KCI, pH 5.5 buffer in a 10
cm quartz cell. The titration yields in increase in the absorption at
412 nm @) whose fit to a 1:1 hemb—[H10A24], complex binding
model with aKsFe(") value of 16 nM is shown with a solid line.
Ferrous hemé was titrated into a 30 nM [H10A24Folution in a

10 cm quartz cell under anaerobic conditions. The absorption at
426 nm (gray circles) is fit (dotted line) to a 1:1 helme[H10A24],
complex model with aKg™M of 20 nM. All samples were
equilibrated overnight prior to measurement.

10

4.1

pH

Ficure 8: Evaluation of the conditional dissociation constants for
hemeb—[H10A24], over the pH range of 1:68.0. Each point
represents an individual determination of t&e(") (a) or K4
(gray circles) values as shown in Figure 7 for pH 5.5. The data are
fit to eq 8 on the basis of a model in which the conditional
dissociation constants are modulated by protonation of the two
histidines (K2 and K fredvalues of 1.7 and 2.5, respectively,
and an apoproteinka™s value of 3.0), a glutamic acid Ka°%, pKaed,

and K8 values of 5.0, 7.0, and 8.0, respectively), and a lysine
residue (K, pKaed and K,s values of 9.4, 10.3, and 12.0,
respectively).

measured K ,S"¢d (His) and K °¢ (Glu) values of 2.5 and
7.0, respectively, and yields proton dissociation constant

values for the apoprotein histidine and glutamic acid residues,

pKaHis and K2V, of 3.0 and 8.0, respectively. With regard
to pKas, the value of 2.5 is lower than thekg's value of

Biochemistry, Vol. 46, No. 1, 2007299

65). This value of 2.5 suggests that the histidine residues
are well-buried in a hydrophobic core, as multiconformation
continuum electrostatics calculations show that burial can
shift the K, value by 3-5 units (7). With regard to the ;5"
value of 8.0, our assignment is based on the observation that
repeated attempts to measure teat pH 8.0 resulted in
tight binding curves indicative of a subnanomakarvalue

at pH 8.0. Since th&y value of 10 nM at pH 7.0 could be
measured, the tighter conditional dissociation constant at pH
8.0 necessitated &g value of 8.0 to fit the data in Figure

8 using the minimal equilibrium model presented in eq 5.
Since Shifman et al. had previously assigned #g*p(Glu)
value of 7.0 on the basis of the Pourbaix diagram, our
assignment of thely, = 8.0 species to the apoprotein Glu
residue is reasonable, although it may not be a unique
solution as it is possible that th&p= 8.0 species is another
ionizable group.

The fit at low pH shows that ferrous henfepartitions
into the hydrophobic core of [H10A24vith a —AGassoered
value of 9.2 kcal/mol, &sseered of 5.8 x 10° M1, that is
1.8 kcal/mol tighter than the corresponding value from
ferrous hemé—[A7-His],. The coordination of the histidine
residues above Kaed and the deprotonation of the
glutamic acid at g4®each contribute an additional 1.4 kcal/
mol to the hemé affinity. The hemeb—[H10A24], K4
value at pH 9.0 is 1.9 nM, or 11.9 kcal/mol. Thus, ferrous
heme affinity in [H10A24} is a combination of porphyrin
protein hydrophobic interactions, axial ligand coordination,
and glutamic acid deprotonation with the bulk being con-
tributed by porphyrir-protein hydrophobic interactions, 9.2
kcal/mol of the 11.9 kcal/mol at pH 9.0.

The data for ferric hemé—[H10A24], also show the
influence of three ionizable groups. At pH values above the
apoprotein K,Ms and K.Y values, pH>8.0, where the
histidines are formally neutral and the glutamate is depro-
tonated K4 6" values too tight to be determined using optical
spectroscopy are observed. As the pH is lowered, the fit
indicates that the glutamate becomes protonated and the
K4 values are weakened because the stabilizing electro-
static interaction between the anionic glutamate and the
cationic ferric hemd porphyrin core is lost. Below pH 4.0,
the conditionalKs" values weaken further due to the
competition between histidine protonation and histidine
coordination to the heme iron which has i&§~°* value of
1.7. The fit to the K" data in Figure 8 uses the
independently measured§™°x (His) value and yields a
value of 5.0 for K. (Glu) along with the same proton
dissociation constant values for the apoprotein histidine and
glutamic acid residues, &Kg''s of 3.0 and a K" of 8.0,
observed in the reduced hetneata fit. This analysis places
a value of 5.0 on the oxidized glutamatk p* value rather
than the value of 4.2 previously reported from the Pourbaix
diagram R0). This 1.1 kcal/mol discrepancy is due to a small
amount of ferrous hemie dissociation at pH<4.0 resulting
from the K2 (His) value of 2.5 which was not included in
the original Pourbaix fit.

In contrast to the results from ferric herbe-[A7-His],,
the K47 versus pH data for heme-[H10A24]; indicate
that histidine ligation is the smallest contributor to ferric

5.4 measured in a related and structurally characterized apcheme affinity. Histidine ligation provides only 3.6 kcal/mol

magquette scaffold and close to the value~#.5 measured
for the noncoordinating His26 in tuna cytochrom¢63—

to heme affinity which when combined with the value of
6.7 kcal/mol due to porphyriaprotein hydrophobic interac-
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tions, aKssoeox of 7.9 x 10* M~%, and 4.1 kcal/mol in  His], as evidenced by their respectivids values of 3.0
electrostatic stabilization by the glutamate residue yields theand 6.7. Second, the more positive reduction potential of
KM value of 32 pM at pH 9.0 (14.4 kcal/mol). The minor hemeb—[H10A24], relative to hemeb—[A7-His], is con-
contribution of metatligand coordination to this bundle is  sistent with the difficulty in burying the formally charged
consistent with the observation that similar bundles without porphyrin macrocycle of ferric hente i.e., [Fé'(por)]™,

His ligands also associate with ferric hené®), Despite the within a low-dielectric hydrophobic cor&8—60). Third, the
differences in their contributions to ferric henbeaffinity extrapolated association constalkf2ss*¢ values at pH 1.0,
revealed by this analysisA[/-His], and [H10A24} possess  where the histidines are protonated and do not coordinate
similar dissociation constants at pH 9.0, 140 and 32 pM, the heme iron, indicate greater affinity for each oxidation
respectively. state of hemé—[H10A24], than for heméo—[A7-His], due

In terms of proton-coupled electron transfer, the mecha- t0 greater proteifrporphyrin macrocycle interaction. The
nistic basis for the observed pH dependence of the midpointdreater proteifrporphyrinmacrocycleinteractionsin [H10A24]
reduction potential of hemle—[H10A24]; is the continued relative to [A7-His], ultimately lead to the observed differ-
destabilization of ferric hemé—[H10A24], with the de- ences in their proton-coupled electron transfer mechanisms
crease in pH from 7.0 to 5.0. Over this pH range, K™ and likely reflect the molten globule nature of apo-
values are constant while thé/e(" values continue to  [H10A24],, as apo-;7-Hisl is more conformationally
weaken. Thus, the destabilization of ferric heongH10A24], specific 9).
due to glutamate protonation accounts for the observed The differences in proteinporphyrin macrocycle interac-
modulation in theE,, values with pH reported by Shifman tions between these two scaffolds, as evidenced by their
et al. 0). At pH <4.0, the heme begins to dissociate from Ki****values, play a significant role in elevating the reduction
the axial ligands upon reduction which influences the potential values of hemie—[H10A24], over those of heme

Pourbaix diagram observed at micromolar protein concentra-0—[A7-His). While stronger porphyrifprotein hydrophobic
tions similar to the findings for heme—[A7-His]. Coin- interactions lead to the expected relative destabilization of

cidentally, the stabilities of ferric and ferrous heme ferric hemeb with respect to ferrous hemb, no firm
b—[H10A24], are equivalent at pH 5.0 where the midpoint €Xpectations could be made on the absolute stabilization and/
reduction potential is measured a88 mV. A comparison or destabilization of the two oxidation states. The data
of the E,, values for each scaffold where the ratio of their Presented reveal that the relative stabilization of the ferrous
Kelh and KoM values is 1.0, andEbeund = E,free state is mostly due to an absolute stabilization of the ferrous
demonstrates that both are38 mV which validates our  State binding rather than an absolute destabilization of the
thermodynamic analysis on the basis of eq 7. Furthermore,ferric state, as might be expected on the basis of the greater

while the relative ratios are identical when their reduction difficulty in desolvating the formally charged ferric porphyrin
potentia|5 are—38 mV, the absolute values md':e(m) and core 68) The data show that the relative stabilization of

K4e) are different. ferrous hemd over ferric in hemé—[H10A24], compared
to hemeb—[A7-His]; is a result of the stabilization of both
DISCUSSION the ferrous and ferric oxidation states, or mechanism D in

. ~ Scheme 1. Thus, stronger porphyripeptide hydrophobic
~ Two related heme protein maquettes have been utilizedinteractions stabilize both oxidation states, but desolvation
In evaluatlng the role of the protein scaffold and its response of the cationic ferric porphyrin core results in weaker

to pH in modulating the electrochemical activity of bound stabilization of the ferric heme relative to ferrous and the
hemeb. The data at pH 8.0 illustrate that the [H10A24]  positive shift in theE,, value.

scaffold binds both oxidized and reduced hemighter than It is evident from the Pourbaix diagrams in Figure 2A that
[A7-His]. This leads, within error, to the observed 66 MV the mechanisms of proton-coupled electron transfer in these
pOSitive shift in the heme reduction potential between these two maquette scaffolds are distinct. In the case of heme
scaffolds at pH 8.0 via mechanism D of Scheme 1. In terms b_[H10A24]2, the site of Coup]ing of a proton to heme
of solution pH, analysis of the Pourbaix diagram of heme oxidation/reduction is a glutamic acid residue as illustrated
b—[A7-His]; shows that it exhibits a 2H1e” coupled event,  jn Scheme 2A and as first identified by Shifman et aD)(

as compared with the two distinct tHe events in heme  Thjs electrostatic response mechanism shiftsBhevalue
b—[H10A24L. Detailed analysis of the heme binding ther- to more positive potentials as the solution pH value is
modynamics of both of these proton-coupled electron transfer|gwered from 8.0 to 5.0 due to the protonation of the
events demonstrates that the mechanisms and the sites Oélutamate in the ferrous state. The extrapoldtgd(" values
proton coupling are distinct. Furthermore, the data allow the show that the negatively charged glutamate interacts with

individual contributions of porphyrinprotein hydrophobic  the formal positive charge on the porphyrin core of ferric
interactions, histidine coordination, and electrostatic interac- hemeb, i.e., [Fé' (por-)]", to stabilize the ferric hemie by

tions between the heme and the scaffold to be quantified, 4.1 kcal/mol. The corresponding measurégfe() values
which thereby reveals the effects of each protonation eventexhibit an only minor stabilization, 1.4 kcal/mol, of the
on the absolute affinity of these scaffolds for ferric and ferrous state, consistent with a formally neutral reduced heme
ferrous hemeb. core, i.e., [F&(por)]. The combination of the changes in
While atomic detail structures of herbe-[H10A24], and K4, due to loss of the stabilization at low pH values,
hemeb—[A7-His], are not available, several lines of evidence and the small changes K" leads to the more positive
indicate that the heme is more effectively sequestered fromheme reduction potentials at pH 5.0 relative to those at pH
solvent in hemeéb—[H10A24],. First, the histidine ligands  8.0. Thus, the proton-coupled electron transfer event that
in apo-[H10A24} are more acidic than those in apb{- leads to more positive reduction potentials in heme
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Scheme 2: Mechanisms of Proton-Coupled Electron Transfer in the [H1948d][A7-His], Heme-Protein Maquettes

A Protein Protein

1H /1e-
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Ferric heme b - [H10A24],, glutamate Ferrous heme b - [H10A24],, glutamic acid

Rrotein
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Ferric heme b - [A7-His],, imidazole Ferrous heme b - [A7-His],, imidazolium

b—[H10A24], at pH <8.0 acts via mechanism E in Scheme 1e redox Bohr effects due to a similar ligand loss mecha-
1 as protonation of a glutamate residue destabilizes bothnism (72—75). The evaluation of the heme—[A7-His],
ferrous and ferric heme bindin@g3). conditional dissociation constants demonstrate that the redox-
In the case of A7-His],, coupling of a proton to heme  Bohr effect alters the ferric and ferrous heme affinities by
reduction has a stoichiometry of 2ZHe™ and is assigned to  two different mechanisms in Scheme 1. Above tKgffyed
the histidine ligands to the heme iron as illustrated in Scheme value of 5.7, the redox-Bohr effect is due to destabilization
2B. Taken alone, the observed positive shift in Eyevalue of the ferric heme with smaller changes in the ferrous heme,
as the pH is lowered from 8.0 to 4.0 is consistent with an or mechanism E of Scheme 1. Below thé;$¥~d value of
electrostatic response mechanism in which two ionizable 5.7, the ferrous heme affinity of\[7-His}, is constant and
groups in the heme protein protonate, e.g., heme propionatethe ferric heme affinity continues to drop until it&sfox
lysine, glutamate, histidine, or arginine. The observid p  value of 2.6, or mechanism B of Scheme 1.
values in the 2H/1e fit to the Pourbaix diagram, akp™ The data in Figures 6 and 8 allow the formation constants
of 5.4 and a K29 of 6.8, might suggest either the protonation for each heme protein maquette to be parsed into the
of a pair of glutamate residues on the basis of heme contributions from their individual interactions which has
b—[H10A24]; results or the protonation of a histidine and a not been possible in earlier studies on natural heme proteins
propionate group in analogy to published results on &2H (50, 51). As shown in Scheme 3, the contributions of heme
2e” event in cytochromes (18, 19). However, the |8 "ed association with the protein scaffoldG?s°¢ and metat-
value of 5.7 identified in the ferrous potentiometric titration ligand coordination AGM-, to the formation constant can
clearly demonstrates that the histidine residues are the sitebe described on the basis of the data #w{His],. At low
of protonation. This ligand loss mechanism is observed in pH values where the histidine residues are protonated, the
cytochromec” and was originally proposed by Coryell and extrapolated fit shows that the hydrophobic core of the
Pauling for the Bohr effect in hemoglobin, although it peptide associates with the formally neutral ferrous porphyrin
ultimately proved not to be the active mechanigg«71). core, [Fd(porr)]° more tightly than the formally charged
In the case of designed proteins, a ligand loss mechanismferric porphyrin core, [Fé&(porr)]", i.e., —7.4 kcal/mol
may also be active in other systems that exhibit possible 2H versus—2.3 kcal/mol, or 5.1 kcal/mol. This 5.1 kcal/mol
le stoichiometries, e.g., mimochrome IV and HP22,(56). free energy difference between ferric and ferrous heme
The dissociation of hemke from the protein scaffold upon  association represents-8220 mV shift in the associated
reduction results in the long equilibration times required to heme reduction potential relative ¢, or the value of
prevent hysteresis in the electrochemistry and the weaker+144 in Scheme 3.
ferrous heme Soret band intensity relative to oxidized heme, As the pH is increased, the contribution of the histidine
as shown for ferrous hente-[A7-His], at pH 5.3. The latter  ligands can be extracted from the data and its fit. A7
is evident in other de novo designed heme proteins at pH His],, the axial coordination of the heme iron contributes
values as high as 8.0 and may signal the presence df 2H 11.2 and 2.7 kcal/mol to ferric and ferrous protein stability,
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Scheme 3: Contributors to the Thermodynamic Affinity and Electrochemistry in the Herf®7-His], Maquette
Ferric heme b - [A7-His],
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Scheme 4: Contributors to the Thermodynamic Affinity and Electrochemistry in the Herfi¢10A24], Maquette
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respectively. As expected on the basis of small molecule ferric and ferrousKy values of hemeb—[A7-His], are
model complexes, histidine coordination contributes more equivalent and eq 7 reducesEgP° "= E,™¢ Heme burial

to ferric stability than to ferrous3@). This 8.5 kcal/mol and axial ligation combine, as shown in Scheme 3, to yield
stabilization of ferric over ferrous heme by axial coordination the observed ferric and ferrous formation constants of heme
represents a366 mV shift in the reduction potential of the  b—[A7-His],, 7.4 x 10° and 2.8x 10" M1, respectively.
histidine-ligated heme—[A7-His],, at pH 8.0 E,, = —222 However, the ferric formation constant is mostly due to axial
mV), versus the heme-associated hémg§A7-His],, at pH coordination, while porphyrin association with the hydro-
2.0 En = +144 mV). Thus, axial coordination by histidine phobic core contributes the bulk of the ferrous formation
residues counteracts the positive potential shift due to constant.

porphyrin—protein hydrophobic interactions, and the sum of ~ Scheme 4 shows that electrostatic effects between the
these two effects}220 mV + (=366 mV), or—146 mV, heme and the protein scaffold contribute to the heme
equals the difference betwe&pPou"andEy ™ as shownin  b—[H10A24], formation constants in addition to porphysin
Scheme 3. Since the reduction potential of hamgA7- protein hydrophobic interactions and axial ligation. If one
His], at pH 8.0 is—222 mV, the value oE,™¢derived from starts at pH 1.0, the extrapolated fit shows that burial of
this data is=76 mV, or—222 mV— (—146 mV). This value ferrous heme into [H10A24Jis more favorable than burial

of E,"¢ derived from the entire data set coincides, within a of ferric heme by 2.5 kcal/mol, consistent with the presence
43 mV or 1.0 kcal/mol experimental error, with the value of of a low-dielectric hydrophobic core. In addition, the
—38 mV taken from the redox titration at pH 4.5 where the similarity of the ferric hemd association constanyGasseeox
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of —6.7 kcal/mol, to the-7.6 kcal/mol ferric state stabiliza- independent, the similarity of the values determined from
tion observed upon the burial of the His/Met ligated haame the hemé—[H10A24], and heméd—[A7-His], data, as well

in horse heart cytochromeupon protein folding indicates  as its pH independence, validates the thermodynamics that
that heme burial in these two scaffolds coincidentally are presented. Ultimately, the pH-independent formation
stabilizes ferric heme to similar extent§1f. While the constants for ferric and ferrous hente-[H10A24], are
difference in binding between ferrous and ferric heme is estimated to be 1.2 10'%and 2.9x 10'° M1, respectively,
smaller in the [H10A24]scaffold (2.5 kcal/mol) than inthe  and their ratio is quite similar to that observed for heme
[A7-His], scaffold (5.1 kcal/mol), the magnitudes of the b—[A7-His],, consistent with the observation that they have
binding energies are larger in [H10A24han in [A7-His]. similar E, values at high pH, &E,, of 18 mV.

The larger magnitude of the binding energies is likely due Last, this analysis reveals that the difference in the
to the ability of the more molten globular hydrophobic core mechanisms for coupling of proton to heme oxidation and/
in [H10A24], to accommodate the porphyrin macrocycle as or reduction observed in these two scaffolds reflects the
compared with A7-Hisl,. The smaller difference in ferric  differences in the absolute ferrous hemelffinity. Weak
and ferrous heme stabilization, 2.5 kcal/mol, represents aferrous heme affinity and 2H1le redox events due to a
+108 mV shift in the reduction potential relative ™. ligand loss mechanism are likely in designed bis-His heme
While [H10A24}, has stronger protetaporphyrin macro- proteins with either very negative midpoint reduction po-
cycle interactions thanA7-His),, this does not lead to a tentials, whereK{7e("/K e is small, or minimal hydro-
larger reduction potential shift upon associatiei1,08 mV phobic cores, wherdG#s*°¢js small. In the case of heme
versust+220 mV, because of the weak association of ferric b—[A7-His],, the different sources in the stabilities of ferric
heme with A7-His],.. In either case, th&, values of the and ferrous hemb—[A7-His], manifest the 2F/1e” redox
associated hemes are close to that observed for the fourevent. The 2.8« 10’ M~ (10.1 kcal/mol) formation constant
coordinate heme in the cytochroméysf complex 61—62). of ferrous heméd—[A7-His], is the sum of the 7.4 kcal/mol
At higher pH values, axial coordination of the heme iron is contribution from heme association and the 2.7 kcal/mol
evident and contributes 3.6 and 1.4 kcal/mol to ferric and contributed by the axial ligands, while the formation constant
ferrous protein stability, respectively. This 2.2 kcal/mol in the ferric state, 13.5 kcal/mol, is primarily due to the axial

stabilization of ferric over ferrous represents-85 mV shift ligands, 11.2 kcal/mol, with a minor contribution from heme

in the heme reduction potential relative to that for the state association, 2.3 kcal/mol. The weaker axial ligation to ferrous

where heme is associated but not ligated. heme results in dissociation of heme from the histidine
For ferric and ferrous hemé—[H10A24],, there are ligands upon reduction and the observed Pourbaix diagram.

additional electrostatic contributions to the formation con- A ligand loss mechanism is also evident in cytochrarhge
stants due to the deprotonation of the glutamic acid and lysinewhere reduction leads to dissociation of a single His ligand
residuesAGe*in Scheme 4. Deprotonation of the glutamic and ligand loss at Guhas been proposed by Wik&tnoto

acid responsible for the proton-coupled electron transfer eventbe active in the proton pumping of cytochroro@xidase,
results in a relative 2.6 kcal/mol, 112 mV observed in Figure i.e., the histidine cycle mechanism&-78). The difference

1, stabilization of ferric over ferrous heme binding between in proton coupling between hente-[A7-His], and cyto-

pH 5.0 and 8.0. As shown in Figure 8, this 2.6 kcal/mol is chromec” may reflect the covalent linkage of the heme to
due to a 1.4 kcal/mol stabilization of the ferrous state and a the protein scaffold. One role of the thioether linkages in
4.1 kcal/mol stabilization of the ferric state. The anionic c-type cytochromes may be to provide additioA&ss°“over
glutamate stabilizes the formally charged ferric porphyrin the corresponding-type cytochromes since the heme cannot
core, as expected, and the 1.4 kcal/mol stabilization of the be fully dissociated from the protein scaffold. Therefore,
ferrous state may be due to the better hydrophobic contactthese data provide support for Benson’s effective concentra-
between the glutamic acid side chain and the ferrous heme tion hypothesis about the long-standing question of why
In the case of the lysine residues, the Pourbaix diagram Nature developed-type cytochromes70, 80).

indicates a 52 mV (1.2 kcal/mol) relative stabilization of In the case of hemb—[H10A24],, the Pourbaix diagram
ferric heme over ferrous heme. Using a value of 12.0 for is due to the electrostatic response of the scaffold to bound
the lysine Ky in the apoprotein, we speculate that a heme oxidation and/or reduction as both ferric and ferrous
combination of absolute stabilization of the ferric state by heme bind tightly at pH-4.0. The tight ferrous heme binding
3.5 kcal/mol and stabilization of the ferrous state by 2.3 kcal/ observed is dominated by the heme association term (9.2
mol is responsible for the observed 1.2 kcal/mol relative kcal/mol) with minor contributions from iron coordination
stabilization. Thus at pH 12.0, the total electrostatic stabiliza- (1.4 kcal/mol) and electrostatic effects (3.7 kcal/mol), while
tion of the ferric state is 7.6 kcal/mol with the ferrous state the tight ferric affinity is due to heme association (6.7 kcal/
stabilized by 3.7 kcal/mol. The difference in these electro- mol), histidine coordination (3.6 kcal/mol), and electrostatic
static stabilization terms for ferric and ferrous here  stabilization (7.6 kcal/mol). The increased heme association
indicates a—168 mV shift in reduction potential between terms, 9.2 and 6.7 kcal/mol, yield the tight ferric and ferrous
the bis-His ligated heme states where the glutamic acid andheme affinities, picomolaKy values, that require that the
lysine are either protonated or deprotonated. Thus, theprotein scaffold compensate for the charge introduced upon
affinities of ferric and ferrous hemefor [H10A24], at pH heme oxidation by glutamic acid or lysine deprotonation.
12, and the corresponding204 mV potential, are due to a  This electrostatic response mechanism, shown in Scheme 2A,
combination of heme association, axial coordination, and is the one typically invoked when proton-coupled electron
electrostatic effects from glutamate and lysine residues. Thesdransfer events are observed in metalloproteins. While this
effects can be used to deduce a value-d® mV for E,™e. is the case for heme-[H10A24],, the data for hemb—[A7-
Since the value ofE,™® is expected to be scaffold- His], suggest that ligand loss is also a viable mechanism.
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Furthermore, the data imply that there may be a threshold
value of AG#ss°cat which a protein scaffold will change its
proton coupling mechanism.

CONCLUSION

In conclusion, the thermodynamic analysis presented
herein allows the individual contributions of heme associa-
tion, heme coordination, and hemprotein electrostatic
effects to be elucidated in designed ferric and ferrous heme
protein scaffolds. The data reveal the absolute stabilization
and/or destabilization of heme in the ferric and ferrous
oxidation states responsible for their midpoint reduction

potential values. These data demonstrate that differences in 19.

ferric and ferrous heme association between the two scaffolds
result in a change in their mechanisms of proton-coupled
electron transfer. The tighter association of heme with
[H10A24], maintains the bis-His axial coordination in both
oxidation states which leads to its electrostatic response
mechanism of protonelectron coupling. Weaker protein
porphyrin association inA7-His], leads to dissociation of
the His ligands upon reduction and proton-coupled electron
transfer based on a ligand loss mechanism.
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