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ABSTRACT. Proton exchange with aqueous media coupled to heme oxidation/reduction is commonly seen
but not understood in natural cytochromes. Our synthetic tetrahelix bundle heme protein maquettes
successfully reproduce natural proton coupling to heme oxidation/reduction. Potentiometry reveals major
pK shifts from 4.2 to 7.0 and from 9.4 to 10.3 in the maquette-associated acid/base group(s) upon heme
reduction. Consequently, a 210 mV decrease in the heme redox potential is observed between the two
extremes of pH. Potentiometry with resonance Raman and FTIR spectroscopy performed over a wide
pH range strongly implicates glutamate side chains as the source of proton coupling below pH 8.0, whereas
lysine side chains are suggested above pH 8.0. RemarkablyKthralpes of several glutamates in the
maquette are elevated from their solution value (4.4) to values as high as 7.0. It is suggested that these
glutamates are recruited into the interior of the bundle as part of a structural rearrangement that occurs
upon heme binding. Glutamate to glutamine variants of the prototype protein demonstrate that removal
of the glutamate closest to the heme diminishes but does not abolish proton exchange. It is necessary to
remove additional glutamates before pH-independent heme oxidation/reduction profiles are achieved. The
mechanism of redox-linked proton coupling appears to be rooted in distributed partial charge compensation,
the magnitude of which is governed by the dielectric distance between the ferric heme and acid/base side
chains. A similar mechanism is likely to exist in native redox proteins which undergo charge change
upon cofactor oxidation/reduction.

Oxidation/reduction of redox cofactors in proteins is the proton affinity of an acid/base group. Thus, the qf
frequently coupled to proton exchange with the external an acid/base group is generally lower when the cofactor is
aqueous medium. Proton binding/release provides a readyin the oxidized state. It follows that the redox midpoint
means for the protein to respond to profound changes in thepotential of the cofactor will in turn depend on the proto-
electrostatic potential caused by the redox reaction3j. nation state of the acid/base group. Coupling to protonation
Two cases of proton coupling to oxidation/reduction are of a single acid/base group will cause the heme redox
observed in nature. For quinones and flavins, the negativepotential to decrease with a slope of abet®0 mV/pH unit
charge introduced upon reduction can be fully compensatedin the pH range between th&walues in the oxidized ()
by proton binding to the ring substituents where the negative and in the reduced stateKpg and will be independent of
charge resides. The other class of redox cofactors, includingpH outside this range.

the protein-ligated ironrsulfur clusters and hemes, cannot 1o most dramatickp shifts for redox centers occur when
bind protons to completely cancel the charge changesy,q proton binds directly to the reduced redox center; for

occurring between the ferric and ferrous iron states. '”these_’example, the one-electron reduction of quinone to semi-

cases, charge compensation through proton exchange '?quinone shifts thel from about—7 to+5 (10, 11. Despite

asg,umed to mvolvel the”prgte_m rgedlu_rtr)] éhat SUP%OHSBthﬁ the fact that such a direct mechanism is not possible foriron
(r;fecg ae_né;er, occasionally beéing described as a redox-BoNfg, i cjusters and hemes, redox-linked ghifts have been

] o . . implicated in proteins containing those centers. Bioener-
Proton coupling to cofactor oxidation/reduction requires getically significant redox-linked proton exchange is evident
that an acid/base group shifts it€ palue depending on the i, the pH-dependent redox potentials of the ir@ulfur
oxidation state of a redox cofactor<9). Oxidizing the  cjusters N4 and N2 of NADH-ubiquinone oxidoreductase
cofactor increases its positive charge, which thereby reducegcomplex I) ((2—15), theb, andby hemes of ubiquinone

cytochromec oxidoreductase (Complex I19( 16, 13, and
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GM-48130 (P. L.D.) and GM-36243 (D.F.B.). (18, 19. While all these membrane complexes are either
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for the vectorial proton movement. It is pertinent to note MATERIALS AND METHODS
that somec-type cytochromes including cytochromesc”,

Css1, and css4 also display pH-dependent redox potentials
(20—23), although such dependence cannot easily be as-
signed to a particular biological function. Thus, while proton
exchange mediated by protein structure could be a means t
establish in vivo cofactor redox potentials, or to effect redox-
driven proton pumping in energy conversion, it is possible
that in many cases proton coupling may be merely incidental.
Furthermore, relatively little is known about the actual
mechanisms that are available to couple protons to cofactor
oxidation/reduction.

Identification of the proton binding/release site(s) coupled
to cofactor redox reactions remains a major challenge. The
difficulties are rooted in the complexity of natural redox Ac-CGGGELWKLHEELLKKFEELLKLAEERLKKL-CONH,
proteins which are only stable or soluble within a narrow
pH range. There are only a few examples where the acid/ This peptide was dimerized through the N-terminal cys-
base groups involved in proton coupling have been identified teine to form a disulfide-linked 62 amino acid peptidesyx,
directly. For example, NMRstudies have shown that heme which spontaneously assembles to form a homodimeric
propionates can shift theitpvalues by about 1 pH unitin  (assw), tetrae-helix bundle in the aqueous phase. Histidines
some c-type cytochromes2l, 22, 24. In some cases, at positions 10 and 1@f eachassx subunit were designed
changes in heme axial ligation have been observed that ar6éo accommodate one heme binding site close to the loop
plausibly associated with up to=3 pH unit redox-linked region; hence,(s), is capable of binding two hemes. It
pK changesZ3, 25-30). Deprotonation of a heme ligating  has previously been established that the tvgsx subunits
histidine @1, 39 as well as proton binding/release on protein of the (@ssx), bundle assemble in theyntopology, so that
side chains Z4) has also been suggested to cause pH the loops are at the same end of the bundle and the hemes
dependencies of heme redox potentials. Site-directed mu-are adjacent37, A. M. Grosset, unpublished results). Figure
tagenesis has usually produced disappointingly small effects1 shows a working model of the prototype bundle including
on proton-coupled redox reactions [see, for exam38)]( the features that will be referred to throughout this work.
An exception is provided by a model study on myoglobin  Protein Synthesis. The 31 amino acid peptide was
(34, 39, in which replacement of Val 68 in the heme pocket synthesized by a solid-phase method on a continuous flow
with a Glu or Asp lowers the heme redox potential by about MilliGen Model 9050 synthesizer utilizing a Fmési
200 mV and introduces conspicuous pH dependency of theprotection strategy. N-Terminal acetylation of the peptide
redox potential, clearly signaling a proton-coupled redox was performed with a 1:1 mixture of acetic anhydride/
reaction. pyridine for 20 min. The peptide was cleaved from the resin,

We believe that many of the difficulties in understanding and the protecting groups on amino acids were removed by
the mechanism of proton-coupled oxidation/reduction of exposure to a 90:8:2 mixture of trifluoroacetic acid/
heme proteins can be circumvented by designing and ethanedithiol/water for 2 h. Crude peptide was precipitated
synthesizing a family of simplified model proteins, maquettes with cold ether and then purified by reversed-phase Rainin
of complicated natural counterparts. The design is basedHPLC with aqueous/acetonitrile gradients containing 0.1%
on a four-helix bundle structural motif present in many key trifluoroacetic acid. The 31 amino acid peptide was dimer-
electron-transfer proteins, but in particular ubiquinene ized by oxidizing the N-terminal cysteine in air-saturated
cytochromec oxidoreductase. We modified the heptad 100 mM ammonium bicarbonate buffer (pH 9) for 4 h. The
repeat four-helix bundle design of DeGrado and co-workers purity of the disulfide-linked 62 amino acidssx peptide
(36) so it would successfully incorporate heme binding sites was characterized on an analytical Beckman System Gold
(37). These synthetic heme proteins display the significant HPLC system. The protein mass of the purified prototype
advantages of small size, simple and easily changeable aminassx (and variants) was verified to be 7443 kDa (as
acid composition, high water solubility, and stability over a expected) by electrospray mass spectroscopy. The material
wide range of conditions while maintaining a low dielectric was lyophilized and stored at20 °C until required.
interior in contact with the heme3{, 3§. The hemes in Solution Molecular Weight DeterminationBeckman
the maquettes are axially bis-histidine-ligated and display System Gold HPLC was used for gel filtration chromatog-
nativelike redox, spectral, and EPR properties. In the presentraphy equipped with a Supelco GFC-100 column (¢.300
study, we have used heme protein maquettes to successfullynm) equilibrated at a flow rate of 0.5 mL/min with either
engineer large redox-linked Kp shifts. We have also  of the following buffers in the presence of 100 mM NaCl:
identified the key features of the proton coupling mechanism 50 mM Tris/HCI, pH 8.5; 50 mM citric acid, pH 4; 50 mM
and learned to control He™ coupling. 3-(cyclohexylamino)-1-propanesulfonic acid (CAPS), pH 10.
Column calibration was performed with a low molecular

1 Abbreviations: Bu, tert-butyl; CD, circular dichroism; DME, weight gel filtration calibration kit (Pharmacia Biotech,
dimethyl ester; DMSO, dimethyl sulfoxide; Fmoc, 9-fluorenylmethoxy- Uppsala, Sweden). Unless otherwise stated, the prototype

carbonyl; FTIR, Fourier transform infrared; GHCl, guanidine ; ; ; : : ;
hydrochloride AG®, difference in Gibbs free energy between denatured and variant peptides eluted with retention times consistent

and folded protein; HPLC, high-performance liquid chromatography; With & tetrae-helix bundle aggregation state, with less than
NMR, nuclear magnetic resonance; RR, resonance Raman. 10% of the material comprising higher oligomerization states.

Protein Design and Assemblylhe tetraei-helix bundle
design was based on the heptad repeat strategy where the
assembly of helices is predominantly driven by the hydro-
dahobic effect 86, 39, 40. The bundle core is comprised
mostly of hydrophobic leucines with phenylalanines and
heme-ligating histidines. The exterior of the bundle is
composed of polar lysines and glutamates that confer water
solubility to the peptide and potentially provide electrostatic
stabilization of the bundle assembly. The present work was
based on an early prototype protein design called “H10A24"
(37). The prototype tetra-helix bundle was built from a
31 amino acid peptide with the sequence:
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A Circular Dichroism. CD spectra were recorded on an
Aviv Associates Model 60DS spectropolarimeter using a 2
mm quartz cuvette at 2&. The buffers used in the presence
of 100 mM NaCl were 50 mM citric acid (pH-16), 50 mM
Tris/HCI (pH 7-9), 50 mM boric acid (pH 9-10), and 50
mM 3-(cyclohexylamino)-1-propanesulfonic acid (CAPS)
(pH 10-12). The helicity of the peptide was calculated from
the absorbance at 222 n®4>,) which was normalized to
—32 000 deg crhdmol. For the chemical denaturation
experiments, dilutionsf@ M guanidine hydrochloride (Gdn
HCI; Pierce, Rockford, IL) and concentrated protein solution
were performed to obtain a 320 uM protein,x M Gdn
HCIl sample, whera varied from 0 to 7.8. The denaturation
curves were fit to a dimer-folded to monomer-unfolded
equilibrium model 42) to obtainAG® according to

% folded=1 —
expl— AGunf/RT)[ 1+ 8p 2 1)
4P l exp(—AG " RT)

where AG'" = AG® — m[Gdn-HCI], m is a parameter
reflecting the cooperativity of the unfolding transition, and
P is the molar concentration of total monomeric protein.

Heme Protein PreparationThe concentrated hemoprotein
solution was prepared in advance by addition pf Sliquots
of a 10 mM solution of iron protoporphyrin 1X (hemin;
Porphyrin Products Inc., Logan, UT) in dimethyl sulfoxide
(DMSO) to the stirred peptide in 10 mM Tris/HCI, 100 mM
NaCl buffer, pH 8.5. Samples of the single-heme-bound
protein, heme¢{s),, were prepared by titration of only 0.8
heme equiv per four-helix bundle in order to keep the
population of two-heme-bound species negligibly low. For
FTIR spectroscopic measurements, all solutions were pre-
pared in BO. The heme-bound peptide was concentrated
in a low-speed Beckman J-21C centrifuge to reach a
Ficure 1: (A) A working model of the hemes{ssx), maquette concentration of about 3Q@M for redox experiments or-23
illustrating a single heme cofactor ligated to the bundle via two mM for FTIR experiments and stored at@. The dimethyl
histidines and also showing two nonligating histidines in the ester of iron protoporphyrin 1X (DME-heme; Porphyrin
adjacentoss subunit. (B) A helical wheel representation of the  pqqcts Inc.) showed only partial binding to the peptide at
bundle (residues-531 are shown, residues-4 of the loop region ; L
are excluded) displaying the heptad positions indicated by letters @ concentration of 1@M. To avoid interference from the
a throughg. presence of free porphyrin in solution, only 0.2 equiv of

DME-heme perdgssx), of about 56-1004M concentration

A Beckman Optima XL-A analytical ultracentrifuge was was added.
used to perform equilibrium ultracentrifugation on the  Redox Titrations. Redox titrations were performed in
prototype maquette and its variants in the single heme boundcombination with optical analysis, using the YVisible
form at both pH 8.5 and pH 4. The data were collected at spectrophotometer described above. The concentrated sample
three different peptide concentrations and two different of hemoprotein prepared in advance was diluted +d.&
centrifuge speeds (20 000 and 30 000 rpm). Partial specific xM into a buffer at a selected pH for each individual titration.
volumes §) of the prototype and variants were calculated The buffer solutions used were the same as those described
from the sequence as described4d)(and were used to fit  above for the CD measurements. The redox titrations were
the data to obtain the apparent molecular weight of the performed using an in-house-designed glass redox cuvette
peptides. with platinum measuring and calomel reference electrodes

UV—Visible SpectroscopyThe spectra were recorded on (Radiometer Analytical, Lyon, Franceg)( the reported redox
a Perkin-Elmer Lambda 2 spectrophotometer. The peptide potentials are referenced to a standard hydrogen electrode.
concentration was determined optically by the absorbanceAll redox titrations were performed anaerobically usiad
of the Trp (position 7 on each-helix), usingezgo = 5600 uL additions of freshly prepared sodium dithionite to adjust
M-t cm % Heme binding was monitored by loss of the the solution potential to more negative values and potassium
absorption at 385 nm due to free hemin, and the concomitantferricyanide to more positive values. The following redox
appearance of a sharp Soret band at 412 nm, correspondingnediators were used to stabilize solution redox potential:
to heme bound to the protein via bis-histidine axial coordina- 20uM duroquinone, 1M pyocyanine, 1Q«tM 2-hydroxy-
tion. 1,4-naphthoquinone, M anthraquinone-2-sulfonate ;21
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benzyl viologen, 1«M phenylsafranine, and AM indigo-
carmine.
Redox Titration Data AnalysisAll of the tetrae-helix

Shifman et al.

measurements. pH titrations in combination with FTIR were
performed in a closed flow-through system with the sample
solution circulated by a peristaltic pump from the closed vial

bundles show a typical bis-histidine-ligated heme spectrum to the ZnSe total internal reflection cell. A custom-made
with a Soret maximum at 412 nm in the oxidized state. In pH electrode (Microelectrodes Inc., Bedford, NH) was placed
the reduced state, the Soret band gains intensity, narrowsjn the closed vial with about 106L of sample to measure
and shifts to 425 nm; the shagpband at 559 nm angt-band the pH of the solution. To avoid the interference of the
at 535 nm characteristic of bis-histidine-ligated heme are strong water absorption signal with the absorption of
evident in the reduced state. Redox titrations were analyzedglutamates in the bundle, all experiments were performed
by monitoring the absorbance bands at 559 and 425 nm asn D,O, and the measured pH values were subsequently
the heme protein was reduced or oxidized. The data wereconverted to pD by the addition of 0.4 unit. Small aliquots

analyzed with the Nernst equation using ramalue of 1.0
in the case of one heme incorporated into the bundle:

1

WR=——"7F"——
1 0E—Em/(RTIF)

(2a)

or two n-values of 1.0 when two hemes were present:

0.5 0.5

%R=
%R 1QEEMARTNA] 4 E-Ema)/[(RTNF)]

(2b)

where %R s the fraction of reduced hemE,is the solution
redox potentialpn is the number of electrons participating in
the redox reaction, anfl, is the redox midpoint potential.

The E, vs pH curves were analyzed according to a
thermodynamic cycle where the redox reaction was couple
to proton exchange. The heme oxidation/reduction when
coupled to protonation dfindependent acid/base groups is
described according to

E,=E,+
RT. (HT+KDHT+K ... (H]+K)
—1Nn
NFE - (IH] + K°)(H'T + K% ... (H'] +K%)

®3)

wherekE, is the redox midpoint potential at low pH, when
all acid/base groups are protonated,"[Hs the proton
concentration,K'; is the association constant for proton
binding to theith acid/base group in the reduced state of the
heme, ankK?9 is the association constant for proton binding
to theith acid/base group in the oxidized state of the heme.
Resonance Raman Spectroscogye resonance Raman

(RR) spectra were acquired with a Spex 1877 triple spec-

trograph equipped with a holographically etched 2400
groove/mm grating in the final stage. The scattered light
was collected at 90to the incident laser beam by use of a
camera lens (Canon 50 mm f/1.4). The excitation wave-
lengths, provided by the outputs of a Coherent Innova 200-
K3 Kr ion laser, were 413.1 nm for the ferric and 415.4 nm

(<1 uL) of 1 M DCI or NaOD were added to the vial to
adjust the pD. For measurements with the heme in the
reduced state, the apparatus was modified to ensure anaerobic
conditions and to monitor the redox potential of the solution.
A flow-through, custom-made, redox electrode (Microelec-
trodes, Inc.) was inserted in the tubing. The heme protein
sample in the vial was kept under argon flow. In addition,
the flow system was placed in a plastic bag and maintained
under argon at a slight positive pressure. Sodium dithionite
was added to the sample to ensure reducing conditions. After
each addition, the sample was left to mix for several minutes
before the spectrum was taken. Each spectrum was derived
from 128 interferograms acquired with 0.5 chmesolution.
Water vapor and HOD contaminations to the spectra were

dsubtracted followed by convolution to give a final resolution

of 2 cmrt. Spectral manipulations and determinations of
peak positions were carried out using OPUS software (Bruker
Inc.). Protonation of the glutamates was analyzed by
monitoring the amplitude of the 1566 cfpeak with
changing pD. Thel§ values were derived from fitting the
data to the HenderserHasselbalch equation.

RESULTS

Single-Heme Binding to the Prototype Maquettal-
though the prototype heme protein maquette can accom-
modate two hemes, one in eaehs subunit, for simplicity
the present work focuses on the single-heme-bound form,
heme-{iss),, as illustrated in Figure 1A. Figure 2A shows
a binding isotherm of a single heme to the prototype protein,
which yields aKq value of 12 nM at pH 8.5. Binding of a
second heme (not shown) to produce hefoess), occurs
with a K4 value of 800 nM, some 70-fold weaker. Using
the specifiedKy values and 1Q:M peptide concentration,
we calculated the fraction of peptides with two hemes bound,
heme-(asa),, to be only 5% of the single-heme-bound
species, hemeas),, upon the addition of 0.8 heme equiv
per four-helix bundle. Since further titration of heme will
result in an increase of the heg@ssr), population to

for the ferrous heme protein samples, respectively. A 1152 nonnegligible values, all experiments on hemss), were

x 298 pixel, front-illuminated, UV-enhanced, charge-coupled

device (CCD) was used as the detector (Princeton Instru-

ments, Princeton, NJ; LN/CCD equipped with a EEV 1152-
UV chip). The laser powers were typically-5 mW. The

performed with 0.8 heme equiv added, leaving 20% of the
bundles electrochemically inactive.

Figure 2B shows the course of oxidation/reduction of the
heme-fissn),. The data are well described by a singles

frequencies were calibrated using the known frequencies of 1 Nernst curve, demonstrating a remarkable electrochemical

indene and CGl The frequencies are accuratedtd cnr?
for strong and/or isolated bands. The slit widths were set
to provide~2 cni ! resolution. The sample concentrations
were about 10@:M.

FTIR Experiments.A Bruker IFS 66 FTIR spectrometer
(Bruker Inc., Brookline, MA) equipped with a Globar source,
a KBr splitter, and a MCT detector was used for the IR

homogeneity of the bis-histidine-ligated heme in heme-
(ass),. The Emngs value is =156 + 7 mV, which is
substantially elevated from the aqueous solution value of bis-
imidazole hemeHqs s value approximately-235 mV; J. M.
Shifman, unpublished results) and is consistent with a
significantly buried state of the heme in the protein. Figure
2B also shows the redox titration of hegetss), which
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@ o IGURE 3: Stability of the prototype maquette as a function of pH.
[+ (A) Helical content of the apo prototype maquette as a function of
.g 40 - pH normalized to the helicity at pH 8.5 as measured by@hg at
[} b 25°C. The buffers used in the presence of 100 mM NaCl were 50
o 20 L mM citric acid (pH 1-6), 50 mM Tris/HCI (pH 79), 50 mM
-9 I ,T\ boric acid (pH 9-10), and 3-(cyclohexylamino)-1-propanesulfonic
° acid (CAPS) (pH 16-12). (B) Fraction of the heme bound to the
0r . l ! J prototype magquette as a function of pH in the oxidized stafe (
-300 -200 -100 0 and in the reduced stat@®). The heme-protein sample was

prepared in advance at pH 8 (where the heme affinity to the peptide
: is maximum), and then the pH was adjusted by additions of small
Redox POtentlaI’ mV aliquots of HCI or NaOH to lower or higher value. The sample
FIGURE 2: Heme b|nd|ng and redox properties of the prototype was left for several minutes to equilibrate before the-tisible
magquette. (A) Heme binding isotherms for thes§x), prototype spectrum was recorded. The data points were calculated from
magquette. Titration of hemin into a 36.5 nM tetxahelix bundle deconvolution of the visible spectra of the hemsgx), maquette
in a 10 cm path length cuvette at 26. The absorbance at 412 nm  into a bis-histidyl-bound heme spectra (Soret peak at 412,

is plotted against heme equivalents added to a tetnaix bundle. 110 000 Mt cmt in the oxidized state which shifts to 425 nm,
The fit to a single heme binding event yield&avalue of 12 nM. = 150 000 Mt cm™* in the reduced state) and free hemin spectra

(B) Redox titration of hemee(ssx), (®) compared to hemdossy), in aqueous solution. All data points were normalized to the pH 8
(O) monitored by optical spectroscopy. The titrations were per- Vvalue.

formed at pH 8.5 and 25C in 100 mM NaCl, 50 mM Tris/HCI

buffer. The fraction of the reduced heme was determined by the heme from the bundle over the same pH range. The integrity
change in absorbance at 559 not{fand maximum) relative to of the heme-(assw), complex was checked by following

the base line absorbance (575 nm). The curves were fitted to eq 2 . .
in the case of hemebs), and eq 2b in the case of hepres), %he amplitude of the narrow, prominent Soret band at 412

as described under Materials and Methods. Arrows indicate the "M, characteristic of the protein-associated bis-histidine-
fitted values of the redox potentials:156 + 7 mV for the heme- ligated heme. Figure 3B shows that the heme remains fully
(assn)z; —130+ 15 mV and—200+ 15 mV for the hemg(ass).. bound to the peptide in both the ferrous and ferric forms

i I ' . . over a pH range of 410. Outside this pH range, below
exhibits two midpoint potentials split by 70 mV, in agreement oH 4 and above pH 12, the ferrous heme dissociates, while

with previous studies. This splitting is consistent with charge below pH 3 and above pH 10 the ferric heme dissociates.

interaction between the adjacent ferric hemes across theWe attribute the heme dissociation in the high- and low-pH

interior of the bundle 7, 38 and thesyntopology of the : o .
asx subunits in the ¢s), tetrahelix bundle as shown in region to successful competition of hydroxyl ions and protons
over e-nitrogens of the heme-ligating histidines.

Figure 1A (A. M. Grosset, unpublished results). .
Stability of the Prototype Maquetteer a Wide pH Range. (C) Protein Assembly The prototype hemess),
As required for a study of the proton coupling to the Maguette association state was investigated over a wide pH

oxidation/reduction of hemex6sx),, we examined maquette  ange by size-exclusion chromatography and equilibrium
stability over a wide range of pH conditions. ultracentrifugation. Comparison of size-exclusion chroma-
(A) a-Helicity. Figure 3A shows the helicity of the apo  tography (pH 10.0 and 4.0) and equilibrium ultracentrifu-
prototype maquettep§s),, at various pH values monitored ~ dation data (pH 8.5 and 4.0) revealed no substantial
by CD. The data demonstrate that théelical content of  differences in the maquette molecular weight (not shown).
the bundle remains unchanged from pH 1.0 to pH 12.0. Accordingly, the association state of the protein remains four-
(B) Heme Aff|n|ty Because the iron of the heme is he|IX bundle throughout this pH range as Ol‘iginally deter-
coordinated to the bundle by two axial histidines and is Mined at pH 8 87).
subject to competition from protons and hydroxyls at the  Proton Coupling to Heme Oxidation/Reduction in the
pH extremes, we also investigated the dissociation of the Heme-@ss), Maquette. The pH dependency of the heme-
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Ficure 4: pH dependency of the redox midpoint potential of the
prototype maquette incorporated with herli® fheme-fiss),] and
DME-heme () [DME-heme-ftssn),]. Each point represents an
independent titration experiment as shown in Figure 2B. The buffers
are the same as described in Figure 3A. ThépH curves were

fitted to eq 3 assuming independent protonations of two acid/base

groups. The fitting procedure for hemesa), yielded the fol-
lowing values: [Klox = 4.25; (Kleg= 7.0; K2y = 9.4; (KZeg=
10.3.

(aessn), redox potential ) is shown in Figure 4. The,/

pH relationship displays two clear pH regions where the
proton coupling to heme oxidation/reduction is evident. The
major dependency d&, on pH is manifested between pH 4

Shifman et al.

vibration, which results from an internal bending motion of
the propionate chain. Inspection of the low-frequency region
of the ferric heme maquette RR spectrum (not shown) reveals
that thevs mode experiences a clearly measurable upshift
as the pH is lowered from neutral to acidic. The majority
of the upshift occurs in the pH-64 range, where the band
shifts from 268 to 272 crit. The RR spectrum of the ferrous
heme maquette (not shown) reveals similar shifts ofithe
band (268 to 273 cnt) between pH 7 and 5. The spectral
alterations in the low-frequency RR spectra confirm that
protonation of heme propionic acids takes place between pH
7 and 4. The RR data also suggest that heme protonation
occurs approximately 1 pH unit higher in the reduced state
relative to the oxidized state, although the relatively small
RR spectral shifts of overlapping bands make precise
quantification difficult without further experimentation.

To more directly assess the involvement of propionates
in proton coupling to heme oxidation/reduction, we inves-
tigated the pH dependence of the redox characteristics of
(ass), reconstituted with DME-heme which is incapable
of accepting protons on any of the substituents. Figure 4
shows thee,/pH relationship of the DME-hemex§s),. The
En values of the DME-hemessst), maquette are generally
raised by 46-60 mV in comparison to those of the
propionate containing hemesfsx),. The pH-dependent
profile of the redox potential remains generally similar,
strongly suggesting that propionates are not the primary
source of proton coupling to heme oxidation/reduction in
heme-{isn),, at least in the acidic pH range where RR

and 7, where the slope of the curve reaches the maximumgpoys propionate protonation/deprotonation. At present,

theoretical value of approximately-60 mV/ pH unit.

there are less data in the alkaline range, allowing the

Between pH 7 and 9, the heme redox potential tends towardpossibility that propionates could be responsible for g p
pH independence, but above 9 the pH dependency is apparenjoyever, this seems highly unlikely since the solutidt p

again. TheEn of the prototype maquette spans a total of

of propionates would have to be elevated by at least 4 pH

210 mV, representing a 4.8 kcal/mol change over a pH range ,its in the presence of the oxidized heme, and by an

from 4 to 11. The hemee(ss), redox potential data can
be fit using eq 3 to describe protonation of two different
acid/base groups coupled to heme oxidation/reduction with
PKlox = 4.25; Kleq = 7.0; K2%x = 9.4; KZ%eq = 10.3.
Identification of Acid/Base Groups Participating in Redox-
Linked Proton ExchangeThe small size and simple amino
acid composition of the heme protein maquettes simplify the
task for identification of the group(s) responsible for redox-
linked proton binding/release (Figure 1B). There are only
a few candidates available to perform proton coupling to
heme redox reaction in the hemes@r), maquette. These
are (a) the heme propionic acids with a solutidgh qf 4.9,
(b) the histidines that coordinate the heme group, (c) the
unligated histidines in the adjacent @ihelix, and (d) the
acid/base protein side chains in the heme vicinity which
include glutamates (solutiorKpof 4.4) and lysines (solution
pK of 10.0).

(A) Heme Propionic Acids.RR spectroscopy was used

extraordinary 5 pH units in the presence of the reduced heme.
(B) Heme-Ligating HistidinesThe pH dependency of the
heme redox potential in several natural cytochromes has been
attributed to dissociation and substitution of one of the heme
axial ligands 23, 25-30) as well as to deprotonation of the
nonligating nitrogens (B+H) of the axial histidines31, 32.
We used resonance Raman spectroscopy (RR), which is very
sensitive to alterations in heme axial ligation, to investigate
the possibility of such changes in the prototype maquette.
At neutral pH, the hemesasy), maquette has been shown
to exhibit a RR spectrum very similar to that of a bis-
imidazole-ligated low-spin heme in solutioB8). Figure 5
shows that between pH 9.5 and pH 2.9 neither the ferric nor
the ferrous forms of hemeaxésr), display any detectable
changes in the high-frequency Soret-excitation RR spectrum.
Loss of one of the histidine ligands would have resulted in
10—-20 cnt! downshifts of thevio (1640 cnt?), v, (1580
cm 1), andvs (1507 cnt) bands of the ferric protein, and

to investigate protonation changes in the peripheral propionic analogous changes would have been evident for the ferrous

acid substituents of the heme macrocycle. The low-
frequency region (225450 cn1?) of the Soret-excitation RR

spectrum shows four distinct bands which have been previ-

ously characterized in natural heme proteihS)( Two of
these modes contain contributions from motions of the
propionic acid groups: (a) the heme skeletal vibratign
(270 cm'Y), which results from a mixture of propionate and
methyl group bending; and (b) th&C,C,C, (420 cml)

form. A change in heme ligand that retains the low-spin
state of iron would be expected to yield smaller but still
visible changes (35 cnm'!). The absence of alterations in
the high-frequency RR and in UWisible spectra of the
heme-fis), maquette indicates that the heme macrocycle
experiences no significant structural perturbations throughout
the studied pH range (pH 2®.5). In particular, the
integrity of the bis-histidine axial ligation is preserved in
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Ficure 5: Resonance Raman spectra of the heos=(),. The
high-frequency Soret-excitation RR spectra of the heos=(),
magquette in the ferricitx = 413.1 nm) and ferroust{x = 415.4
nm) states at high (pH 9.5) and low (pH 2.9) pH values. The protein
samples of~100uM concentrations were prepared in the appropri-
ate buffers as described in Figure 3.

the prototype maquette throughout the pH range studied.

In previous studies on bis-imidazole heme complexd&s
and on microperoxidase-84) performed in the presence
of a cationic detergent (CTABr), deprotonation of the heme
axial ligands was observed with heme oxidation-state-
dependent g values above pH 9.0. Deprotonation of the
imidazole/histidine axial ligand is indicated by a% nm
red shift in the Soret absorption band as well as substantial
changes in both the high- and low-frequency regions of the
RR spectrum. The absence of similar alterations in the
spectra of the prototype hemesa), maquette argues that
no deprotonation events on thedMH of the heme axial
ligands occur over the pH range studied.

(C) Histidines in the Adjacenttsx Subunit. While
ligation of the heme is not interrupted by protonation/
deprotonation of the histidine ligands in henus$),, two
free histidines are present in the adjacessx subunit that
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Ficure 6: pH dependency of the redox potential of heffess),.
Each point represents an individual titration as shown in Figure
2B. The higher potential heme is representedmythe lower
potential heme by®.

cofactors in hemee(sn); is evident across the entire pH
range, diminishing slightly (by 20 mV) in the pH-dependent
region (between pH 4 and 7), consistent with a loweri€d p
of the first heme reduced. These experimental findings,
together with the results obtained with DME-heme, strongly
suggest that the predominant source of the proton coupling
to heme oxidation/reduction in the prototype maquette is a
property neither of the cofactor itself nor of its axial ligands,
but instead resides in the supporting protein matrix.

(D) Protein Side Chains Only glutamate and lysine side
chains remain as viable, simple candidates for releasing or
accepting protons depending upon the heme oxidation state
in heme-fisa),. Both amino acids, because of their highly
polar character, were originally designed into the prototype
(ass), to provide an array of complementary charges at
exterior positions of the bundle. Glutamate side chains with
a K value of 4.4 when free in solution are suitable
candidates for the source of redox-linked proton binding/
release in the prototype maquette in the low-pH region.
However, to account for thé&./pH relationship of the
prototype magquette, theKpvalues of glutamate residues
should be shifted to higher values as has been seen in some
natural proteins 46—48). In the high-pH region, lysine
residues with a solution K value of 10.0 are feasible
candidates with similar considerations. The pH-dependent
behavior of the glutamates is more easily monitored via
spectroscopic methods, and consequently these residues were
the focus of our studies.

Figure 1B illustrates that 28 glutamates in thes$x),
maguette occupy the heptédand c positions. However,

could be close enough to the heme cofactor to become aonly a few are close to the heme binding site. The most
potential source of proton coupling to heme oxidation/ Promising candidate for proton coupling to heme oxidation/
reduction. To test the possib|e involvement of these his- reduction is Glu 11, which follows the heme-ligating histidine
tidines in the redox-linked proton exchange, we examined at position 10. Computer modeling suggests that Glu 11
the pH dependency of the magquette redox potential with two can be brought to within-34 A of the heme iron. Glu 12
hemes bound, thereby removing any unligating histidines. at the heptaa position is also close in sequence to His 10,
Figure 6 shows that each heme in herteess), displays a but modeling suggests that this residue is oriented in a
pH-dependent profile generally similar to that of a single direction away from the heme. Glu 18, at the hepkad
heme, thus ruling out the possibility that the histidines on Position, although two helical turns below Glu 11 and hence
the adjacenusgx subunit participate in proton Coup“ng. A further away from the heme, could also pOSSib'y contribute

closer examination of thé./pH profile of the hemg(assx),
reveals that the i value of the first reduced hemeKpy)

in heme-(assw); is slightly lower compared to that of the
second heme. The redox potential splitting between the two

to redox-linked proton binding/release.

Unprotonated and protonated carboxylates can be distin-
guished by their characteristic infrared signatud3 which
permits direct K determination of glutamate side chains in
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0.1 observed. To satisfactory describe pD titration data of the
A apo-bundle, at least twoKpvalues are required on either
0.08 side of the isolated solution glutamate galue. The titration
curve of the oxidized hemex6s), is similar to the apo-
Q Ly . .
Q.06 (ass), within experimental error. _However, in the reduced
© state, when compared to the oxidized hemesg), or apo-
-go 04 (assn),, there is a noticeable loss of population with low
2 ) pK values and a corresponding appearance of a population
< with high pK values. The data sets for the reduced and the
0.02 oxidized maquettes were simultaneously modeled by assum-
w ing the presence of a major population of glutamates with
] - W the same K value in both the oxidized and the reduced states
1800 1700 1500 1500 1400 1300 and a population of glutamates which raise thé{ryalues
Wavelength, cm"' considerably upon heme reduction. The fitting procedure
(Figure 7C) reveals a 70% population of glutamates (about
100 20) in the hemeg(sn), maquette in both the oxidized and
b the reduced state protonating atka @f 5.1, while the other
O 80 30% of glutamates (about 8) shift theiKwalues from 3.7
g in the oxidized state to 6.7 in the reduced state. Although
2 60 the glutamate & shifts are likely more complex than
Pl described here, the quality of the fit obtained with the simple
i) 40 model suggests that a more complex treatment is unwarranted
g_ at this stage. The presence of higk plutamates only in
c the reduced hemexés), is in concert with the Keqat 7.0
?, 20 obtained independently from the redox titration data. This
o finding satisfies the major criteria for the glutamate side
0 chains being the source of the redox-linked proton exchange
Q 04 in the low pH range.
5 Site-Selected Glutamine for Glutamate Side Chain Variants
E 0.2 of the Prototype MaquetteTo further pursue the possibility
[} that the glutamate residues participate in the redox-linked
Q. proton exchange, several variants of the prototype maquette
§ 0 were constructed with non-proton-exchanging glutamines

(GIn, Q) substituted for candidate glutamates (Glu, E).

_ ) . Replacement of glutamates with their amide derivatives was
FiGURe 7: (A) FTIR pH titration of the apog(san), in DO in the

presence of 100 mM NaCl. Spectra shown correspond to pD values
of 9.0, 7.53, 6.82, 5.91, 5.65, 5.24, 5.07, 4.74, 4.47, 4.22, 3.48,

not expected to disrupt the packing of the bundle interior
because of their similar size, polarity, anehelix-promoting

3.03, and 2.35. The arrows indicate titrations of resonances sensitivecharacter §0). Three different variants of the prototype

to carboxylate protonation with varying pD. (B) Protonation of
glutamates monitored by the amplitude of the 1566 tpeak in

the apo-(isan), (@), oxidized hemee¢{ssn), (a), and reduced heme-
(assn), (®) maquettes. The lines represent a fit according to a
simple model in which the majority of the glutamates retain the
same [ value in the oxidized and the reduced states of the protein,
but a minor population of glutamates shift theK from low in

the oxidized state to high in the reduced state. (C) The relative
number of protons released in an alkaline pH titration by the
population of glutamates with fixed{pvalue (solid line, 70%, i§

5.1) and the population of glutamates with redox-sensitite p
(dashed line, oxidized stateK8.7; dotted line, reduced stateK p
6.7).

magquette were designed and synthesized. In the first variant,
(ass),-E11Q, only the glutamate closest to the heme, at
position 11 in each helix, was replaced by glutamine. In
the second variantoést),-E11,18,25Q), three glutamates,
all at the heptadb positions, were substituted by glutamines.
In the third variant, ¢ssn)-EallQ, the entire glutamate
population was removed and replaced by glutamines.
Despite the rather significant changes in the protein
sequence, all three variants remained water soluble, fully
helical and stable at neutral and low pH, and bound heme
with high affinity (see Table 1). Equilibrium ultracentrifu-

the prototype maquette. Figure 7A shows the amide | and gation together with size-exclusion chromatography dem-
Il regions of the infrared spectrum of the prototype apo- onstrated that two of the variants,gsx)-E11Q and ¢s),-
(assn), obtained in RO. Three distinct peaks are observed E11,18,25Q, retain the aggregation state of a four-helix
in the spectrum that reflect the protonation state of carboxyl- bundle. The ¢ss),-EallQ maquette eluted at much longer
ates. These include the asymmetric and symmetric COO times than the other two variants and was proven to bind to
stretches at 1566 and 1403 chrespectively, that are visible  the column (S. Huang, unpublished observations). Conse-
at high pD, and which are transformed into the=Q stretch quently, only equilibrium ultracentrifugation data were used
of the COOD group at 1705 crh at low pD. The acid/ to determine its molecular mass. The observed molecular
base titration of the 1566 cmhband is shown in Figure 7B.  mass of the hemeaéar),-EallQ maquette at pH 8.5 was
Although the abundance of glutamates in the prototype higher than those of other variants. However, a similar
maquette makes the assignment of individual protonation experiment with the apo form of the peptide yielded a
events difficult, measurement of the distributeld palues molecular mass of 15.7 kDa, very close to 15.5 kDa, the
of the ensemble of glutamates in the protein is readily expected molecular mass of a four-helix bundle. The
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Table 1: Comparison of Physical Properties of Hemss{),, Heme-(iss)-E11Q, Hemeqsst)-E11,18,25Q, and Hemex$sn),-EallQ

Magquettes at Neutral and Low pH Values

molecular mass (kDa)

equilibrium ultracentr size exclusion Em (MV) AG® 2 (kcal/mol)

protein expected pH 8.5 pH 4.0 pH85 pH4.0 1sthéméM) pH85 pH40 pHB8S5 pHA4.0
heme-(oiso)2 15.538 15.7 18.8 20.1 19.9 12 —156 +5 145 19.4
heme-(ass); E11Q 15.538 15.5 195 20.1 16.2 8 —-104 —19 14.8 18.6
heme-(assx); E11,18,25Q  15.538 155 18.9 16.7 18.3 0.2 -98 53 14.3 14.9
heme-(asst), EallQ 15.538 2410 18.5 —c —c 0.4 —-92 —53 14.8 14.4

2 AG® values were calculated from chemical denaturation experiments usingPégpilibrium ultracentrifugation of this peptide in the apo
form yielded a molecular mass of 15.7 kDal his peptide did not elute well on the column; hence, only equilibrium centrifugation data were used

to determine peptide molecular mass.
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Ficure 8: pH dependency of the redox midpoint potential of the
Glu to GlIn variants: (A) hemee(ssn)-E11Q, (B) hemedss),-
E11,18,25Q, (C) hemeaxbsn),-EallQ. The data were fit to eq 3

8A shows that th&,, of heme-@s3),-E11Q assumes a less
prominent pH dependency between pH 4 and 7. When
compared to the prototype maquette, thé.p of the heme-
(ass),-E11Q appears unchanged, whilk'py is lowered

by almost 1 pH unit from 7.0 to 6.1. These results are
consistent with the idea that Glu 11 is buried inside the
bundle, and when the heme is in the ferrous state, kts p
value is substantially higher than the average value for the
other glutamates in the bundle. Figure 8B shows that further
substitution of glutamates for glutamines in hemss),-
E11,18,25Q leads to an almost complete loss of Ehe
dependence on pH in the region between pH 4 and 7. Figure
8C shows that removal of the remaining glutamates at the
heptacc positions in hemee(ssn),-EallQ produces no further
significant changes. THhe./pH relationships of the glutamate/
glutamine variants prove the significant involvement of Glu
11 in the proton coupling to the heme oxidation/reduction.
However, it is clear that in the absence of Glu 11, proton
coupling, although decreased in magnitude, still proceeds via
an alternative route. In particular, Glu 18 (and possibly Glu
12 and Glu 25) acts in response to the change in the heme
oxidation state. The remaining relatively small change in
the redox potential (about 30 mV per 4.5 pH units) of the
heme-@ss),-E11,18,25Q and hemer$sn)-EallQ variants

in the low-pH region could be due to protonation of heme
propionic acids as suggested by the RR studies on the
prototype maquette discussed above.

Despite the pronounced differences in tgpH profiles
of the heme+{sx), variants at low pH, all the variants
behave alike above pH 7. All four maquettes retain the
characteristic trend to pH independence between pH 7 and
9 and pH dependence above pH 9 with similar alkalike p
values in both heme oxidation states. These results suggest
that at higher pH values, redox-linked proton coupling is
due to an independent source and proceeds through the same
mechanism for all variants. It seems most likely that the
candidates to perform proton coupling in the high-pH region

with two acid/base groups involved. For comparison, the curve used will be found among lysine side chains that operate in a

to fit the redox potential data of the prototype hemssy), is also
shown. Buffers and conditions are as described in Figure 3A.

observed molecular mass of henoesgx),-EallQ at pH 4 was

also very close to those of other variants. Thus, we consider

the (@ss)-EallQ maquette to assemble into four-helix

fashion analogous to that of glutamates in the lower pH
region.

DISCUSSION

Designing Noncealent Binding of Heme Centers in

bundles just like the other two variants, although some Maquettes. The tight (nanomolar) heme binding affinity
fraction of this maquette might assume higher aggregation shown in the prototype maquette serves as evidence that the

states of six- or eight-helix bundles.
Figure 8 describes th&,/pH relationships of the glutamine

variants in comparison to the prototype maquette. Figure aromatic residues in the heme protein maquettes.

hydrophobic heme pocket of natural heme proteins is suitably
mimicked by the extensive leucine core supplemented by
The
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internal placement of the ligating histidines at heptad results in a substantial increase in stability of the heme-
positions directed toward the hydrophobic interior has (assx), maquette and heme$sn),-E11Q (Table 1). In
recently been shown to be a crucial component of the designcontrast, the stability of the peptides with higher glutamine
(B. R. Gibney and P. L. Dutton, unpublished results). In content [hemee(sst),-E11,18,25Q and hemexgsn),-EallQ]
the work presented here, replacement of charged glutamatesioes not show any significant changes with pH, as expected
with glutamines at neutral pH further increases the overall (Table 1). The increase in stability of the glutamate-
hydrophobicity of the bundle, resulting in increased heme containing peptides at low pH can be explained by the
binding affinity (Table 1). TheKy values of the heme for  increase in hydrophobicity of the bundle core when certain
(ass)2-E11,18,25Q andoss),-EallQ maquettes are inthe  glutamate side chains are protonated; this option is not
subnanomolar range, the highest affinity so far achieved in possible for hemee(sst),-EallQ. This illustrates a second
synthetic heme proteins. principle of redox/proton coupling desigto explore proton/
Lowering the pH below 4 causes protonation of heme- electron coupling, proteins should be designed with extraor-
ligating histidines which results in heme dissociation from dinary stability to aoid unfolding associated with side chain
the bundle (Figure 3). The lower pH does not displace the protonation changes at pH extremes.
ferric heme as easily as the ferrous heme, perhaps because Maquette Side Chain pK DistributionThe (K values of
the more positively charged iron electrostatically discourages side chains in natural proteins are frequently found to be
histidine protonation. Figure 3 also shows that at very high shifted from their isolated aqueous solution values. Such
pH the differential pH dependency of the ferrous and ferric alterations in K values have been attributed to charge
heme affinity is reversed. Here the ferric heme more readily charge interactions within the protein and have been repro-
dissociates, probably because the negatively charged hy-duced quite well in theoretical studi€sX-61). Despite their
droxyls are preferentially attracted to the positively charged structural simplicity, heme protein maquettes also exhibit
ferric heme iron. distributed K values in the protonation of glutamate side
Surprisingly, making the heme itself more hydrophobic chains. Nearby positive lysines would tend to lower
by esterifying the propionic acids decreases the apparentglutamate [ values, while nearby negative glutamates would
heme binding affinity by approximately 1000-fold. Whereas raise their K values. However, most electrostatic interac-
DME-heme has been shown to bind tightly to the hydro- tions at the exterior positions of the bundle are expected to
phobic pocket of myoglobirb(), our relatively small bundles  be screened by the high ionic strength (100 mM NacCl)
might prohibit complete burial of the esterified cofactor and maintained throughout the investigation. The clear presence
hence inhibit its binding. The amphipathic character of the of several glutamates withpvalues higher than the solution
natural propionate-containing heme may allow a more pK value even in the apaén), and ferric heme¢(sn),
favorable orientation in the synthetic bundle with the provides additional support that certain glutamates are at least
porphyrin ring embedded in the hydrophobic core and the partially buried inside the bundle. However, the population
propionic acids pointing outward into aqueous soluti®g) ( of the high-K glutamates in the prototype ferrous heme-
These observations on heme binding can be summarizedoss); is conspicuous. The FTIR analysis demonstrates that
in a principle of design for construction of redox/proton- several glutamates, most likely occupying the heptad
coupled proteins, that has obvious connections to previousposition, are in the hydrophobic interior of the ferrous heme-
work in natural proteins.High-affinity heme binding sites  (as3w),, perhaps being drawn in as a part of the repacking
can be designed by praling the heme with a highly  of the structure upon incorporation of the heme macrocycle.
hydrophobic enironment and by optimizing the interactions When the heme is oxidized, a conformational change could
with its axial ligands through adjusting ligand orientation, move these interior glutamates outside the bundle, where
pH, and redox conditions. their pK would fall back to near the solutionKpvalue of
Maquette Stability at Extremes of pHlhe limited pH 4.4. Alternatively, and we believe more likely, the interior
range for stability of many natural proteins often prevents glutamates could stay buried upon heme oxidation, but
the simultaneous measurement of the oxidized and thedeprotonate, thus providing stabilization for the positive
reduced K values in proton-coupled redox reactions and charge on the ferric heme iron. In this case, theqb the
complicates the task of assigning the acid/base group(s)glutamates interacting with the charge on the ferric heme
involved. Our heme protein maquettes were designed with could be lowered even further below the solutidfalue.
an extraordinary folding stability. This stability extends to The analysis of the FTIR data supports the second scenatrio,
extreme pH conditions, allowing us to perform redox titration in which a population of glutamates in the prototype maquette
experiments over a wide pH range and to obtadfnvalues shift their (K value from 6.7 to 3.7 upon heme oxidation.
in both redox states. Nevertheless, we expect the stability These observations manifest a third principle of redox/proton
of the bundle to alter with a change in protonation state of coupling design:hydrophobic burial of protonatable resi-
28 glutamates and/or 24 lysines. Many coiled-coil proteins, dues around the heme cofactor prdes the means to shift
both natural and synthetic, have been reported to be morethe acidic side chain pKalues up into the neutral range
resistant to denaturation at acidic pH in the presence of highand to shift them down in response to heme oxidation,
salt concentration52—58). This was explored in synthetic  thereby enabling redox-linked proton coupling in the physi-
two-helix bundles with glutamates and lysines on the helical ological pH range.
interface positions57) where the loss of favorable electro- Controlling Heme Redox Potential through Charge Com-
static interaction upon glutamate protonation was outweighed pensation. The redox potential of the prototype maquette
by the increase in bundle hydrophobicity. Similar behavior in the neutral pH range, abovéKheq, is —156 mV. This
is encountered in our four-helix bundle heme protein value is strongly influenced by the Glu 11 carboxylate anion
maquettes. Lowering the pH from neutral to acidic values which stabilizes the positively charged ferric heme relative
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to the neutral ferrous heme and hence lowers the heme redoheme-occupiedrssx subunit, will be oriented toward the
potential. Replacement of anionic glutamate for neutral heme, while the other one on helix B will be forced out into
glutamine is expected to raise the heme redox potential by solution. The glutamates in an adjacentdhelical subunit
the amount inversely proportional to the dielectric distance are probably too far from the heme for strong coupling.
between the glutamate side chain and the heme iron. ThisSimilar considerations show that one out of four glutamates
is clearly demonstrated in glutamine variants of the prototype at position 12, located on the helix B, could possibly interact
magquette: elimination of the glutamate closest to the hemewith the heme, but would not be as close as Glu 11 and
in heme-(is3),-E11Q results in a 50 mV increase in the hence, in the presence of Glu 11, would not be expected to
redox potential; removing additional glutamates further away be a primary source of proton exchange.
from the heme in hemexgsr),-E11,18,25Q and heme- Elimination of the proton binding/release site does not
(assw),-EallQ produces only an additional 5 and 10 mV rise, necessarily create a protein without redox/proton coupling.
respectively. The 5660 mV increase inE, due to the The profound electrostatic potential changes due to heme
glutamate to glutamine substitution achieved in four-helix oxidation/reduction will recruit other available charged
bundle heme protein maquettes is readily comparable to theresidues for heme charge compensation. Thus, removal of
108 mV increase due to analogous aspartate to asparagin&lu 11 in the hemee(ssn),-E11Q apparently leads to the
substitution in the highly hydrophobic heme pocket of promotion of another glutamate (Glu 12 or Glu 18) from a
myoglobin @4). secondary to a primary role in the redox-dependent proton
While replacement of a carboxylate for an amide group binding/release reaction in the prototype maquette, albeit with
in the heme vicinity eliminates electrostatic stabilization of a decrease in the strength of the proton coupling. These
the ferric heme, it does not abolish the dipolar charge findings are generally consistent with Coulomb’s law which
compensation due to the quite polar character of the amiderequires that the magnitude of the hepgdutamate interac-
group. This effect is demonstrated in myoglolBd)( where tions be inversely proportional to the dielectric distance
the wild-type protein with a nonpolar Val 68 exhibits a between the glutamate carboxylates and the iron of the heme
midpoint potential 80 mV higher than a mutant with an cofactor.
asparagine at this position. Likewise, in our synthetic  Together, the above-noted observations illustrate a fifth
bundles at pH values beloviKh,,, where protonated glutamates principle of redox/proton coupling desigmroton coupling
are less polar than glutamines, thg of the glutamate  to heme oxidation/reduction is generally distributedeo
containing prototype hemex§sn), is 24 mV higher than that  many protonatable groups. Accordingly, engineering pro-
of heme-fsa),-E11Q and 58 mV higher than that of the teins with pH-independent redox bela may require
multi-glutamine variants. We expect that substitution of a elimination of all acid/base residues within a large dielectric
nonpolar residue (Val or Leu) at position 11 of the prototype distance from the cofactor.
magquette will raise the heme redox potential to yet higher  Final Comments.The findings of the present study show
values, offering the possibility to reproduce higher potentials that simple functionalization of minimal protein desigB8§)(
observed in natural cytochromes. offers a viable way to approach mechanistic questions of
Removal of the propionic acids from the heme group, as more complex natural proteins. Our success in reproducing
shown by studies of DME-hemex$sn),, results in about a  proton-coupled redox reactions in a family of simple heme
60 mV increase in the redox potential over the whole pH protein maquettes clearly shows that the effect is remarkably
range. In addition, thekpvalues in both the oxidized and easy to achieve and thaKshifts could prove to be merely
the reduced states are essentially the same as for the prototypmcidental when the heme redox potential does not play a
heme-fss),. The fact that the redox potential of the DME-  crucial role in protein function. On the other hand, proton
heme-(sn), is higher than that of hemexésx), at pH 4, coupling to heme oxidation/reduction can clearly alter the
where the heme propionic acids are protonated, could beE, of the heme cofactor by a significant amount and hence
explained by a structural difference between the binding of is a means of establishing redox potential in vivo. The
DME-heme and heme to thegsx), maquette, with DME- mechanism of redox-coupled proton exchange through a
heme being in a more hydrophobic environment. Alterna- glutamate (or lysine) side chain described in this work has
tively, the DME-heme raised redox potential could be due many of the basic characteristics required for the function
to a decrease in water accessibility of the heme iron resulting of a proton pump, where a very strict conformational change
from the increased hydrophobic interactions between thein the protein is also coupled to oxidation/reduction and

protein and the heme propionates.

Collectively, the above-noted observations exemplify a
fourth principle of redox/proton coupling desigeievation
of heme redox potential can be acteel through elimination
of charge-compensating protonatable residues. Ha®wre
the magnitude of the increase in redox potential can be

vectorial proton translocation.

The clear identification of glutamates as the source of
redox-linked proton exchange in heme protein maquettes
suggests that Glu and Asp residues should be searched for
near heme sites of complex natural proteins exhibiting
proton-coupled redox reactions. Literature suggestions that

lessened if the elimination replaces the charged residue withthese residues play exactly such a role include the cyto-

a more polar one.
Hierarchical Charge CompensatioriVe have shown that
Glu 11 is the key source of proton coupling in the prototype

chromebg; complex, where Glu and Asp residues have been
tentatively identified as the source of the pH dependence of
the redox potentials of thHetype hemes@2). In particular,

maquette. As shown in Figure 1B, there are 4 glutamatesexamination of the recently available structué8)(points

occupying the 11 positions in each helix of the tetrahelix

to a glutamate that is within 10 A of the iron in herbe

bundle. However, steric considerations dictate that only one and an aspartate residue within 12 A of theheme. The

of the glutamates at position 11, situated on helix A of the

reduction of ubiquinone in the gXite of the photosynthetic
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reaction centers fronRhodobacter spheroidds also ac-
companied by proton uptake, assigned to Glu L212 negar Q
(64, 63 on the basis of redox-induced FTIR spectral changes.
Finally, recent work using the same technique by Hellwig
et al. 66) on cytochrome oxidase identifies the involvement
of Glu 278 as the source of proton coupling to oxidation/
reduction of hema, which might be involved in the pathway
of proton translocation across the membrane.
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