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Heme a, the metalloporphyrin cofactor unique to cytochrome ¢ oxidases, differs from the more common heme b
by two chemical modifications, a C-2 hydroxyethylfarnesyl group and a C-8 formyl group. To elucidate a role of the
C-8 formyl group, we compare the heme affinity, spectroscopy, and electrochemistry of a heme a mimic, Fe-
(diacetyldeuterioporphyrin IX) or Fe(DADPIX), with heme b, Fe(protoporphryrin 1X) or Fe(PPIX), incorporated into
a designed heme protein. The [A7-H3m], protein ligand, or maquette, selected for this study contains two equivalent
bis-(3-methyl-L-histidine) heme binding sites within a four-o-helix bundle scaffold. The spectroscopic data on Fe-
(PPIX) and Fe(DADPIX) bound to [A7-H3m], demonstrate that these complexes are excellent synthetic analogues
for natural cytochromes b and a, respectively. Comparison of the spectroscopic, electrochemical, and equilibrium
thermodynamic data measured for the Fe(PPIX)-[A7-H3m], maquette with the previously reported Fe(PPIX)-[A7-
His], complex demonstrates that changing the heme axial ligands to 3-methyl-L-histidine from L-histidine does not
alter the resulting heme protein properties significantly in either oxidation state. Heme binding studies demonstrate
that [A7-H3m], binds two ferrous Fe(DADPIX) or Fe(PPIX) moieties with similar dissociation constant values.
However, in the ferric state, the data show that [A7-H3m], only binds a single Fe(DADPIX) and that one 2500-fold
weaker than oxidized Fe(PPIX). The data demonstrate that the 4.6 kcal mol~* weakened affinity of [A7-H3m], for
oxidized Fe(DADPIX) results in the majority of the 160 mV, 3.7 kcal mol~%, positive shift in the heme reduction
potential relative to Fe(PPIX). These data indicate that a role of the formyl group on heme a is to raise the iron
reduction potential, thus making it a better electron acceptor, but that it does so by destabilizing the affinity of
bis-imidazole sites for the ferric state.

Introduction of hemesa + az is unique to CcO and is biosynthesized

Cytochromez oxidase (CcO), [E.C. 1.9.3.1], is the terminal T0M the more prevalent henig Fe(protoporphyrin 1X) or
enzyme in aerobic metabolism that catalyses the four F&(PPIX)? Figure 1 shows a comparison of the structures
electron-four proton reduction of dioxygen with the pump- qf hemeb and hem@that !Ilustrates th_e chemical modifica-
ing of four protons across the inner mitochrondrial mem- tioNs to the porphyrin peripheral architecture between these
branel CcO contains an electron-transfer chain, composed W0 heme macrocycles, the oxidation of the C-8 methyl into
of a binuclear Cy site and a bis-histidine-ligated low-spin & formyl group, and the conversion of the vinyl group at

hemea, which delivers reducing equivalents from water-
soluble cytochrome to the buried catalytic site, containing
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Figure 1. Chemical structures of henieand hemea showing the C-8 formyl and C-2 hydroxyethylfarnesyl substitutents along with Fe(DADPIX).

C-2 into a hydroxyethylfarnesyl side chain. Despite signifi- ~ We are utilizing designed heme protein maquettabat

cant advances in the understanding of the biosynthesis ofis, peptide-based heme coordination complexes, to evaluate
hemea and CcC little is known as to the roles of these the factors governing the structurunction relationships
hemea side chains in the electron transfer and dioxygen of natural heme proteins such as C¥QJsing an analysis

reactivity of CcO. of the coordination equilibria involved in ferrous and ferric
The constructive methodology of de novo heme protein heme affinity, we are delineating the roles of various factors

desigrt is elucidating fundamental structuréunction rela- on heme protein electrochemistry in these simplified model

tionships of natural heme proteins including CtQ@his systems. We have designed a fauhelix bundle scaffold,

approach to molecular design and synthetic biofolysts [A7-Higl14l21]2 or [A7-His],, and determined its absolute
afforded a variety of novel heme proteins as spectroscopic, affinity for ferric and ferrous heme at its pair of bis-His heme
electrochemical, and structufabioinorganic model com-  binding sites* In addition, we have used this protein scaffold
plexes for natural proteins involved in biological electron to expand the diversity of coordination motifs used in
transfer? oxygen transpoit,and redox catalysi¥. These designed heme proteins beyond the typical bis-His ligated
water-soluble model systems have shown particular utility b-type cytochrome models to include bis-pyridyl and mono-
in revealing the key bioenergetic principles of heme-induced histidine-ligated heme protein maquetiés.

protein folding* and heme electrochemical function relevant  Herein, we investigate the role of the electron-withdrawing

to natural redox protein engineerifdy. C-8 formyl substitutent on heme the heme found exclu-
, sively in CcO, on heme affinity, and redox activity.
(3) (a) Carr, H. S.; Winge, D. Ricc. Chem. Re2003 36, 309-316. . . . .
: : Incorporation of Fe(2,4-diacetyldeuterioporphyrin EXFe-
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M.; Hoagland, E.; Manye, C. L.; Hegg, E. Biochemistry2004 43, sites, \7-H3m}, generates a proteitligand-based synthetic
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/A Nastri, F , 1101 ac par! .
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a oney, b. K.; I1sogal, Y.; Reddy, K. S5.; Rabanal, F.; Grosset, A.
M.; Moser, C. C.; Dutton, P. LBiochemistry2000 39, 11041-11049.  F€(DADPIX) bound to fA7-H3m} demonstrate a role of the
(b) Xu, Z.; Farid, R. SProtein Sci.2001, 10, 236-249. acetyl groups in raising the iron reduction potential by

(6) () Benner. S'R':f“ég‘é;eezt%%%g%l 218. (b) Benner, S. A Sismore, - weakening the affinity of the bis-imidazole site for the heme
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5536-5541. (c) Rosenblatt, M. M.; Wang, J.; Suslick, K. &oc. is done in large part by destabilization of the ferric state.
Natl. Acad. Sci., U.S.A2003 100, 13140-13145.
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Materials and Methods Denaturation Studies.Peptide denaturation curves at 25 in
20 mM KR, 100 KCI, pH 8.0 buffer were fit to a dimer folded to

Reagents. Fmoc-protected amino acids were obtained from two monomer unfolded equilibriu#husing a nonlinear least squares
Bachem. HBTUO-(1H-benzotriazole-1-yIN,N,N',N'-tetramethy- routine in KaleidaGraph 3.6.

luronium hexafluorophosphate, was purchased from Qbiogene.

Guanidine hydrochloride (8 M) was used as received from Pierce. fraction folded=

All other chemicals and solvents were reagent grade. 1 — (exp(—AG,/RT/4P)[(1 + 8Plexp(—AG,/RT)** — 1]
Preparation of Peptides: General Procedure.The peptide

ligand was synthesized on a continuous-flow Applied Biosystems WhereP is the molar concentration of total monomeric protein and

Pioneeer solid-phase synthesizer using the FiBocprotection  AGunt = AGH° — m[Gdn-HCI], mis the cosolvation term which

strategy’ with PAL-PEG-PS resin (0.20 mmotgloading) at 0.2 is a measure of the cooperativity of the transition and [denaturant]

mmol scale. Single extended coupling cycles (60 min) with HBTU/ IS the concentration of denaturant (M).

DIEA activation chemistry were employed for all amino acids. The ~ UV—Vis Spectroscopy.UV —visible spectra were recorded on

side chain protecting groups used are as follo®ec (Lys, His), Varian Cary 100 or Bio50 spectrophotometers using quartz cells

OBu (Glu), Trt (Cys), and Pbf (Arg). After peptide assembly, the ©f 0.1, 0.2, 1.0, and 10 cm path length. The concentrations of

N-terminus was manually acetylated followed by thorough washing Peptide in 20 mM KR 100 KCI, pH 8.0 buffer were determined

with DMF, MeOH, and CHCl,. The peptide was cleaved from ~ SPectrophotometrically usingso of 5600 M~ cm™* per helix.

the resin and simultaneously deprotected using 90:8:2 (v/viv) Heme Affinity Studies: Ferric Porphyrins. Freshly prepared

trifluoroacetic acid/ethanedithiol/water for 3 h. Crude peptide was DMSO solutions of hemin or Fe(DADPIX)CI were added in 0.1

precipitated and triturated with cold ether, dissolved in water (0.1% €duiv aliquots to peptide solutions (20 mM KB0O mM KClI, pH

viv TFA), lyophilized, and purified to homogeneity by reversed- 8-0) with 10 min equilibration between additions. The dissociation

phase G HPLC using aqueousacetonitrile gradients containing ~ constantKg, values were obtained from fitting the absorbance at

0.1% (v/v) TFA. The N-terminal cysteine residue of the purified 4maX* plotted against [heme]/[four-helix bundle] according to an

peptide was air-oxidized to the symmetric disulfide in 200 mM €quation for two independent binding sites. Control experiments

ammonium carbonate buffer, pH 9.5 (5 h). After lyophilization, Without peptide present were used to obtain the extinction coef-

the identities of the resulting di-helical disulfide-bridged peptide ~ ficient for unbound hemin and Fe(DADPIX) used in the nonlinear

was confirmed with matrix assisted laser desorption mass spec-least-squares fitting analysis of heme affinity.
trometry. Heme Affinity Studies: Ferrous Porphyrins. A freshly

prepared DMSO solution of hemin or Fe(DADPIX)CI was added

equilibrium analytical ultracentrifugation analysis was performed 1N 0-1 quiv aliquots through a septum into anaerobic peptide

on a Beckman XL-I analytical ultracentrifuge operating at 25 000 squ_tions_(ZO mM Ki 100 mM_KCl, pH 8.0) with l(_) ”?i”
rpm and 4°C 18 Initial peptide concentrations ranged from 6 to 18 equilibration between additions. The samples were maintained at

M di-o-helical monomer in 20 mM KP100 mM KCI (pH 8.0). a reducing potential by addition of sodium dithionite prior to the

Partial specific volumes for the peptides were calculated from the Stat of the titration;j Th&q values were obtained from fitting the
residue-weighted average of the amino acid sequence using theabsorbance alma® plotted against [hemel/[four-helix bundie]

method of Cohn and Edsdfl. The partial specific volume of according.to an equat.ion fpr two independent binding sites.
3-methylt-histidine was estimated to be equivalent to that of Magneyc_ Circular Dichroism Spectroscopy.The MCD spectra
L-histidine. The estimated partial specific volunieyalue, was of the oxidized and reduced heme proteins dissolved in 20 mM

0.7567 mL g?. The densityp, of the solvent buffer was 1.0509 g KP;, 100 KC, pH _8'0 buifer were obt_ained are using a Jasco
mL-1 (20 mM KR, 100 mM KCI, pH 8.0) as calculated using J600 spectopolarimeter equipped with a Jasco MCD-1B electro-

Sedenterp. The radial distribution absorbance scan data were fit toMagnet operated at a magnetlc field of 1.41 TI' Ferrous samples
a single exponential using WinNonlin. The bouyant molecular were generated underzfih a rubber septum sealed cuvette (1 or

weight, My, was converted to the average molecular weight of the 0'5_Cm) by adding a few-grains of S(_)Iid sodium qlithionite to the
molecular species in solutio,, with the following relationship: fernc' sample qr by tlltr.atlr?g the ferric sample W't,h an agueous
solution of sodium dithionite (23 mg/mL). Formation of ferrous

samples was monitored spectrophotometrically using a Varian Cary
400 spectrophotometer.

Preparation of Fe(DADPIX)(Im),. A ferric Fe(DADPIX)

Circular Dichroism Spectropolarimetry. Circular dichroism solution (400ug of heme in 40QuL. of DMSO) was diluted with
spectra were recorded on an AVIV 215 spectropolarimeter using g 1:1 mixture of methylene chloride and DMSO. The resulting
rectangular quartz cells of 0.2 and 1.0 cm path lengtih @i s DADPIX solution was titrated with 1-methylimidazole, and forma-
averaging time. Thermal control was maintained by a thermoelectric tion of the ferric bis-imidazole complex was monitored spectro-
module with a ThermoNeslab M25 refrigerated recirculating water photometrica”y using a Varian 400 Spectrophotometer. The ferrous

Solution Molecular Weight Determination. Sedimentation

My =M, (1 - 2p)

bath as a heat sink. Peptide concentrations in 20 mM ¥ KCl, bis-imidazole sample was prepared by treatment with solid sodium

pH 8.0 buffer were between 1 and LM (four-helix bundle) as dithionite as described above.

determined spectrophotometrically usiago = 5600 M-t cm™* Resonance Raman SpectroscopjRaman spectra of oxidized

helix~* for Trp.2° and reduced heme peptide samples (80 heme protein in 20
mM KP;, 100 KCI, pH 8.0 buffer) in 1 mm diameter capillary tubes

(17) Carpino, L. A.Acc. Chem. Red987, 20, 401-407. were obtained at room temperature using a SPEX 1404 0.85 m

(18) 1L§5§'21§ '\7/'5-3_515%%” Ill, W. FAnnu. Re. Biophys. Biomol. Struct.  double spectrometer with a liquid,Mooled, 13.6 mm back-thinned

(19) Cohn E J. Edsall J. TProteins. Amino Acids and Peptides SPEX Spectrum-1 CCD chip detector. Raman scattering was excited
Reinhold: New York, 1943; pp 445.

(20) Fasman, G. DHandbook of Biochemistry and Molecular Biology, (21) Mok, Y. K.; de Prat-Gay, G.; Butler, P. J.; Bycroft, Mrotein Sci.
Proteins | CRC Press: Boca Raton, FL, 1976. 1995 5, 310-319.
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by the 441.6 nm line+{30 mW at the sample) of a Kimmon IK  metal-ion binding and protein folding in the field of heme

series HeCd laser. Raman shifts were calibrated against the Iaseprotein desigﬁ_ﬁ

emission at 441.6 nm. Three separate data sets consisting of 25, \We have developed a truncated heme protein maquette

25, .and 10 spectra with 120 s integrat!on time were averaged scaffold, [A7-Hiol14l21]> or [A7-His],, whose absolute af-

(welghteo_l by number of spectra) after a linear baseline correction finities for both the ferric and ferrous Fe(PPIX) have been

was applied to each of .the three data.‘ sets. _ accurately measuréd The [A7-His], scaffold is composed
Heme Redox Potentiometry.Chemical redox titrations were of two disulfide-bridged dia-helical monomers, each of

performed in an anaerobic cuvette equipped with a platinum . . . . . L .
working and a calomel reference electrode at°22? Ambient which contains a single bis-His heme binding site. The

potentials (measured against the standard hydrogen electrode) werd€t€rmination of the absolute affinity of this bis-histidine
adjusted by addition of aliquots<(l uL) of sodium dithionite or ~ [A7-Hislo maquette for Fe(PPIX) in both oxidation states
potassium ferricyanide. Titrations were performed in 20 mM along with the coupled electrochemistry provides significant
potassium phosphate, 100 mM KCI, pH 8.0. Electredelution insight into the design of synthetic heme proteins. The ability
mediation was facilitated by the following mediators at /X to measure these thermodynamics is relatively rare among
concentration: methyl viologen, benzyl viologen, anthroquinone- both natural and designed heme proteins. In the case of
2-sulfonate, anthroquinone-2,6-disulfonate, 2-hydroxy-1,4-naph- Synthetic heme proteiﬁgnost are On|y assayed in the ferric
thoquinone, indigotrisulfonate, duroquinone, 5-hydroxy-1,4-naph- gtate without regard for the ferrous heme affinities, which
thoquinone, 1,4-naphthoquinone, phenazine ethosulfate, phenazin?eads to an incomplete view of the coordination equilibria
methosulfate, 2,6-dimethyl benzoquinone, 1,2-naphthoguinone, f these heme proteins. The same is true in the case of natural
2-methyl-1,4-benzoquinone, 1,2-naphthoquinone-4-sulfonic acid, 0 . P . ) ) .
heme protein scaffolds in which full thermodynamic analysis

and resorufin. After equilibration at each potential, the optical . ) . .
spectrum was recorded. Heme reduction was followed by the 'S often further complicated by tight heme binding or other

increase in eithep-band absorption (426 and 450 nm) relative to biochemical issues, e.g., kinetic trapping of the heme
a baseline wavelength (800 nm). Spectral intensity was plotted moiety2’
against potential, and the data were fit to either a single or a pair  In this study, we evaluate the affinity of a maquette

of Nernst equations of equal weight with= 1.0 (fixed). scaffold for Fe(PPIX) and Fe(DADPIX), an analogue of
hemea, in both the ferrous and ferric forms in order to
Results describe the electrochemical differences between the resulting

Experimental Design. The midpoint reduction potential ~ Proteins. A novel maquette scaffoldyT-H3mp, containing
of heme bound to a proteif, ™ is governed by the ratio two bis-(3-methyle-histidine) heme binding sites is utilized
of ferric and ferrous heme dissociation constant values, for this study in our continuing efforts to extend the
KgFe / KoM, and the reduction potential of the unbound coordination spheres available for heme protein design.
heme,E,™ as followg3 The 3-methyle-histidine ligand was selected to evaluate if

methylation at R would interfere with heme coordination.

bound__ = free Fe(lll) ;e Fe(ll) In addition, the A7-H3m] scaffold provides a primary
Em = B (RTNF) In[Ky K @) coordination sphere that more closely mimics the ligand
N-methylimidazole, which is routinely used in thermody-
namic and structural studies of iron porphyrin synthetic
analogues in the place of imidazole which self-associates in
solutionz28Ultimately, the comparison of Fe(PPIX) binding
to the [A7-H3m} and the A7-His], scaffolds demonstrates
that the binding thermodynamics of the 3-methsftistidine
and L-histidine scaffolds are similar, which shows that N
methylation does not adversely affect heme binding. Ther-
modynamic data on Fe(PPIX) and Fe(DADPIX) binding to
[A7-H3m}L are used to evaluate the roles of electron-
withdrawing groups such as the C-8 formyl group on heme
ain CcO, on heme binding, and electrochemistry. These data
are used to suggest individual roles for the C-8 formyl and
the C-2 hydroxyethylfarnesyl groups on ferric and ferrous
hemea affinity and electrochemistry in CcO.
Peptide Secondary StructureFigure 2A presents the far-
V CD spectrum of A7-H3m}, at 7.64M concentration in
(22) Dutton, P. LMethods Enzymoll978 54, 411435, aqueous buffer, black trace, which is characteristic of an

(23) Nesset, M. J. M.; Shokhirev, N. V..; Enemark, P. D.; Jacobson, S. E.; @-helical peptide (70% helical content) with minima at 208

Walker, F. A.Inorg. Chem, 1996 35, 5188-5200.
(24) (a) Bai, Y. W.; Sosnick, T. R.; Mayne, L.; Englander, S. 8¢ience (26) Bryson, J. W.; Betz, S. F.; Lu, H. S.; Suich, D. J.; Zhou, H. X. X,;

Protein+ Heme== Heme-Protein (2)

K4 = [Heme][Protein]/[Heme-Protein] 3)

We have measured the electrochemistry and absolute affini-
ties of oxidized and reduced hemes for designed proteins in
an effort to clarify the various contributors to ferric and
ferrous heme affinity in natural heme protefiid. These
thermodynamic data are crucial to a more complete under-
standing of heme protein structar@unction relationships

as heme binding is integral to protein foldiffgand the
resulting heme midpoint reduction potential provides the
driving force for electron-transfer reactivity Furthermore,
elucidation of the metal-binding thermodynamics using
coordination chemistry methods provides the fundamental
data necessary to evaluate the relative energetics betweerm

1995 269 192. (b) Telford, J. R.; Wittung-Stafshede, P.; Gray, H. O'Neil, K. T.; DeGrado, W. FSciencel995 270, 935-941.

B.; Winkler, J. R.Acc. Chem. Red.998 31, 755. (27) Wang, J.; Bieber Urbauer, R. J.; Urbauer, J. L.; Benson, Bidthem.
(25) (a) Beratan, D. N.; Onuchic, J. N.; Winkler, J. R.; Gray, HSBience Biophys. Res. Comm2003 305, 840-845.

1992 258 1740. (b) Page, C. C.; Moser, C. C.; Chen, X. X.; Dutton, (28) Collman, J. P.; Gagne, R. R.; Reed, C. A.; Robinson, W. T.; Rodley,

P. L. Nature1999 402, 47. G. A. Proc. Natl. Acad. Sci. U.S.A974 71, 1326-1329.
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Figure 3. UV —vis spectra of the Fe(PPIX)- and Fe(DADPD{{-H3m}L
complexes. (A) Optical spectra of Fe(PPDAY{-H3mL at 4.1 uM
=40000 2(')0 250 250 260 22';0 300 concentration in the ferric (blue) and ferrous (red) states. (B) Optical spectra
Wavelength (nm) of the ferric (blue)_ and ferrous (red) Fe(DADP_IXZH—H3m]2 complex at
4.1uM concentration. Spectra were recorded in 20 mM,KBO mM KCl,
pH 8.0 buffer at 25°C.
B 1.0 4
and 222 nm £ — z* and n — z* minima of a-helical
0.8 systems, respectively). The helix content of the peptide

- scaffold containing 3-methyl-histidine (70%) is slightly

S higher than that of the histidine prototype (67%) and its

S %67 isomer the 1-methyl-histidine maquette (68%), suggesting

8 that these amino acid changes do not alter the secondary

g 044 structure significantly. Figure 2A also shows the far-UV CD

= spectrum of Fe(DADPIX)A7-H3m} at 7.6uM concentra-

0.2 tion, blue trace, which indicates 72% helical content. Thus,
the incorporation of the heme macrocycle does not alter the
0.0 ) secondary structure of the protein significantly. Chemical
R S S S A denaturation studies with guaqidine hydrochloride, Figure
[Gdn] (M) 2B, demonstrate that\[7-H3m}, is stable in the apo-form,
AGH0 = —12.8 kcal/mol at 298 K ([GciHCl]1» value of
C s 00231 ) R 2.4 M; mvalue of 2.5). Thus, the protein folds into a stable

R A — L helical fold in solution, as designed.

g T Rt Peptide Oligomerization State.The oligomerization state
-0.025 of the disulfide-bridged dix-helical peptide was determined
0.200 using sedimentation equilibrium analytical ultracentrifugation
0.175 over the protein concentration range of 118 uM. Figure

o 0-1507 2C shows the radial distribution of the tryptophan absorbance

§ 0.1251 at 280 nm forapo-[A7-H3m}, at a protein concentration of

g 0.100 4.5uM. The fit to the data demonstrates a solution molecular

2 0.0751 weight of 13.1 kDa, indicative of a dimeric oligomerization

< 0.050- state for A7-H3m}. Together with the CD results, these
0.0251 data indicate that the protein sequence folds into the desired

four-a-helix bundle scaffold.

0.000 U Ll T T T T
23.75 24.00 24.25 24.50 24.75 25.00 25.25 25.50

(Radius)2/2 (cm2)2 Fe(PPIX) Binding. Figure 3A presents the optical spectra

of ferric and ferrous iron(protoporphyrin IX) bound taT-
Figure 2. Biophysical characterization of theAf-H3mkL magquette H3mL at 4.1uM concentration. The oxidized heme was
scaffold. (A) Circular dichroism spectrum oAf-H3m}, black trace, and incorporated into A7-H3m} in 20 mM KR, 100 KCI, pH

mono-Fe(DADPIX)-A7-H3mp, blue trace, at 7.@M concentration. The ffer and follow \Avisibl r imilar
minima at 208 and 222 nm and maxima at 196 nm indicate 70% and 72% 8.0 buffer and followed by U sible spectroscopy. Simila

helix content for the apo- and holo-proteins, respectively. (B) Isothermal tO the bis-His maquette, Fe(PPIX)[-His],'* the spect_rum
chemical denaturation of the apo-protein scaffold atBconcentration of Fe(PPIX) bound toA7-H3m} possess a Soret maximum
fit to an unfolded monomerfolded dimer equlibrium. The fit demonstrates — 1 —1\ \n/i

a stability of —12.8 kcal/mol for the A7-H3m}L helical bundle. (C) at ilZ nmé 1’23 r_nlM cm ).Wlth a/ﬁ band.s ar535 nm
Sedimentation equilibrium analytical ultracentrifugation analysisASf-[ (e = 13.0 mM™* cm™). Reduction of the ferric Fe(PPIX)-

H3m], using a Beckman XL-I ultracentrifuge. An 4 solution of [A7- [A7-H3m}L with a minimal quantity of sodium dithionite

H3m], was centrifuged at 25 000 rpm for 24 h before data collection. The ; ; T
radial absorbance data at 280 nm (tryptophan absorbance) is fit to a singlereSUItS in formation of the ferrous Fe(PPDAT-H3mp

solution species with a 13.1 kDa solution molecular weight consistent with COMPIEX, as evinced by a Soret maximum at 427 & (
a dimer oligomerization state, i.e., fourhelix bundle. The residuals to
the fit are shown above the data. All experiments were performed in 20 (29) Nakanishi, K.; Berova, N.; Woody, R. WCircular dichroism of
mM KP;, 100 KCI, pH 8.0 buffer. peptides VCH: New York, 1994; p 570.
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191 mMt em™t) with distinct o/ bands at 529 nme(=
18.0 mMtcm ) and 560 nm{ = 33.2 mM ' cm™). The
resolution of thew/8 bands in the reduced state is indicative

of the designed bis-imidazole coordination that yields a low-

spin ferrous heme due to the strong ligand fi#ldhese

spectroscopic data indicate that methylation of the imidazole

nitrogen not involved in heme coordination? bf histidine,
results in no significant alteration of the bound heme
spectroscopic properties.

Incorporation of Fe(DADPIX). Figure 3B shows the
optical spectra of oxidized and reduced Fe(DADPIX) bound
to [A7-H3m] at 4.1 uM concentration. The ferric Fe-
(DADPIX) cofactor was incorporated under aerobic condi-
tions and followed by UV-visible spectroscopy. The spec-
trum of ferric Fe(DADPIX) exhibits a Sorétnaxat 426 nm
(e of 89 mMt cm™) and is indicative of iron coordination
but is slightly red-shifted relative to the of 42@25 nmAmax
of hemea + hemeaz in CcO™ and theldnax value of 421
nm observed in a previous bis-His hemeiaquette, [heme
a — H10A24}.%2 Dithionite reduction to ferrous Fe(DAD-
PIX)-[A7-H3m} results in a shift of the Soret maximum to
450 nm € of 110 mM* cm™Y) with distinct o/ bands at
545 and 578 nme(of 12.6 and 13.3 mM! cm™?, respec-
tively) indicative of bis-imidazole coordination. As observed
for the ferric oxidation state, the optical properties of ferrous
Fe(DADPIX)-[A7-H3m} are slightly red-shifted relative to
CcO, Amax values of 446-445 nm3! and the hemea
maquette,Amax 441 nm>2 The slight spectral differences
between Fe(DADPIX) and hermeebound to bis-imidazole
binding sites in two maquette scaffolds are likely a result of

Zhuang et al.

Figure 4. Resonance Raman spectroscopic characterization of Fe(PPIX)-
and Fe(DADPIX)-A7-H3m]L complexes. (A) Resonance Raman spectra
of Fe(PPIX)-A7-H3m} recorded at 10&M protein concentration in the
oxidized (blue) and reduced (red) states. A vibrational band due to the
DMSO used to incorporate the heme is noted with an asterisk. (B) Resonance
Raman spectra of the Fe(DADPIXX{-H3m}L complex recorded at 100

uM protein concentration in the oxidized (blue) and reduced (red) states.
The positions and intensities of the spin-state marker bangds;, andvig

are indicative of six-coordinate low-spin Fe(PPIX) and Fe(DADPIX) in
both oxidation states.

expected upon reduction, thg oxidation state marker band

in the rR spectrum ofA7-H3m} shifts to lower frequency,
1361 cnrl. Additionally, the spin state marker bangs vs,

and vy shift to values of 1586, 1495, and 1625 ¢in
respectively. The similarity of these values to those reported
for cyt bs and Fe(Il)(PPIX)(Im) indicate that the maquette
contains low-spin bis-imidazole-ligated ferrous hertfes.
Figure 4B shows the rR spectra of ferric and ferrous Fe-
(DADPIX)-[A7-H3mL. Based on the observed similarities
in the rR spectra of Fe(DADPIX)- and Fe(PPIX3{-H3m,

the presence of the two electron-withdrawing acetyl groups we have assigned the oxidation-state marker besdf 1370

on Fe(DADPIX) relative to the single formyl group on heme
a.

Resonance Raman Characterization of Fe(PPIX)- and
Fe(DADPIX)-[A7-H3m],. Since resonance Raman (rR)
spectroscopy of heme protefiss responsive to oxidation

cm ! and the spin-state marker bands,vs, andvi, at 1591,
1503, and 1640 cni, respectively. In the reduced state (red
trace), we assign the rR spectrum of Fe(DADPIX)#
H3m],, as follows. Thev, oxidation-state marker band at
1358 cmt and the spin-state marker bangsand vy, at

state, spin-state, and axial ligand changes, the rR spectra ofi580 and 1621 cnt, respectively. Since no rR spectral

ferric and ferrous Fe(PPIX)- and Fe(DADPIXXT-H3m}L

assignments of Fe(DADPIX) complexes are available in the

were collected and analyzed. Figure 4A shows the resonancaiterature, these assignments are tentative. However, the rR

Raman (rR) spectrum of Fe(PPIXX[-H3m}L in both

oxidation states. In the ferric state shown in the blue trace,

the oxidation state marker band, is at 1373 cm* and the
spin state marker bandg,, vs, andvig, are at 1587, 1504,
and 1641 cm?, respectively. These,, vs, v4, andvio band

spectra of Fe(DADPIX)A7-H3mL are similar to Fe-
(deuterioporphyrin IX)-substituted cytochronig which
supports these assignmefrsFurthermore, the similarities
between the rR spectra of Fe(DADPIX)- and Fe(PPIX)y{
H3m], suggests that both contain low-spin bis-His coordi-

positions are nearly identical to those observed for ferric bis- nated irons.

histidine ligated cytbs, 1585, 1506, 1374, and 1640 cin
and Fe(II(PPIX)(Im), 1579, 1502, 1373, and 1640 cin
which confirms the presence of a bis-imidazole ligated low-
spin ferric heme, as designé&tin the ferrous form shown
in red, the rR spectrum of7-H3m} is also similar to those
reported for ferrous cytbs and Fe(Il)(PPIX)(Im). As

(30) Yu, L.; Xu, J.-X.; Haley, P. E.; Yu, C. Al. Biol. Chem1987, 262,
11371143.

(31) Yonetani, TJ. Biol. Chem1961, 236, 1850-1856.

(32) (a) Spiro, T. GBiological Applications of Raman Spectroscpp¥iley-
Interscience: New York, 1988; Vol.-13. (b) Spiro, T. G.; Strekas,
T. C.J. Am. Chem. S0d974 96, 338-345. (c) Takahashi, S.; Wang,
J.; Rousseau, D. L.; Ishikawa, K.; Yoshida, T.; Takeuchi, N.; Ikeda-
Saito, M.Biochemistryl994 33, 5531-5538.d) Spiro, T. G.; Strong,
J. D.; Stein, P. JJ. Am. Chem. Sod.979 101, 2648-2655.
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Magnetic Circular Dichroism Characterization of Fe-
(PPIX)- and Fe(DADPIX)-[A7-H3m],. The magnetic cir-
cular dichroism (MCD) spectrum of a heme is sensitive to
the iron spin state, oxidation state, and axial ligatddCD
was used to confirm the designed coordination sphere of the
iron in ferric and ferrous Fe(PPIX)- and Fe(DADPIX)T-
H3m],. The MCD spectrum of ferric and ferrouA7-H3m}L
in aqueous buffer (20 mM KP100 mM KCI, pH 8.0, £C)

(33) (a) Kitagawa, T.; Sugiyama, T.; Yamano.Biochemistryl982 21,
1680-1686. (b) Adar, FArch. Biochem. Biophyd.975 170, 644~
650.

(34) Cheek, J.; Dawson, J. H. hhe Porphyrin HandbogkAcademic
Press: San Diego, 2000; Vol. 7, pp 33%69.
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Figure 5. Magnetic circular dichroism spectra of the Fe(PPIX)- and Fe-
(DADPIX)-[A7-H3m] complexes. MCD spectra of Fe(PPIX){-H3mbL

in the ferric form (blue trace in A) and ferrous (red trace in B) forms. The
MCD spectra of ferrous and ferric cytochrorbe is shown in gray for
comparison. The MCD spectra of Fe(DADPIX) in the ferric (blue trace in
C) and ferrous (red trace in D) forms. The MCD spectra of Fe(DADPIX)
are shown in comparison to the bis-imidazole complex of Fe(DADPIX)
(gray traces in C and D). The MCD data of cytochrobgevas replotted
from ref 41.

are shown as panels A and B of Figure 5, respectively. In
both oxidation states, the MCD spectra ah7FH3m}L
demonstrate striking similarity to that of a natural bis-His
ligated heme protein, cytochront®, shown in gray for

A 020 020, B 24 0.5
| Eous E o4

| < 2.0 S 03
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Figure 6. Analysis of the A7-H3m} affinity for Fe(PPIX) in the ferric

and ferrous states performed using optical spectroscopy. (A) Titration of
ferric Fe(PPIX) into a 790 nMA7-H3m}, solution in a 1.0 cm quartz cell.
The inset shows the absorption at 426 nm fit to a 2:1 Fe(lll)(PP&?:[
H3m], complex with a heme dissociation constants values bfM and

70 nM. (B) Ferrous Fe(PPIX) titrated into a G« [ A7-H3m} solution in

a 1.0 cm quartz cell under anaerobic conditions. The inset shows the
absorption at 560 nm, the-band maximum, fit to a 2:1 Fe(Il)(PPIXN\[7-
H3m], complex with a dissociation constant values of 20 nM and.4M0

All samples were in 20 mM KP100 mM KCI, pH 8.0 buffer and allowed

to equilibrate for 10 min prior to measurement on a Cary 100 spectropho-
tometer.

Wavelength (nm)

of 790 nM which clearly demonstrates the expected 2:1
heme-to-foure-helix bundle stoichiometry. An analogous
titration at 50 nM showed a single dissociation constant,
KqiFe(M, value that was determined to be tighter than 1 nM.
The inset in Figure 6A shows that the increase in absorbance
at 412 nm fits well to a two independent heme per four helix
bundle binding model with a secori,"(") value of 70
nM when the firstkg;,e(" is fixed at < 1 nM. Figure 6B
gives the ferrous Fe(PPIX) titration data féx{-H3m} at a
concentration of 6.2«M under anaerobic conditions. The
inset to Figure 6B show formation of a 2:1 heme-to-four-

comparison. The near superposition of the MCD spectra a-helix bundle complex with a secorit,™(" value of 4.0
(band shape, peak positions, and crossover points) betweemM. An analogous titration at a protein concentration of 100

cyt bs and Fe(PPIX)-A7-H3m}, demonstrate the presence

nM was used to evaluate the first dissociation constant,

of hexacoordinate low-spin hemes in the maquette. The MCD Kgy;7¢(", value of 20 nM for ferrous Fe(PPIXA[7-H3m.

spectra for ferric and ferrous Fe(DADPIXNY-H3m}L were
collected and compared to the model complex Fe(DADPIX)-
(Im), since no natural counterpart is available. As shown in
Figure 5C and D, the MCD spectra of Fe(DADPDAT-
H3m]; is similar to those of Fe(DADPIX)(Im)in the ferric

The similarity of these ferrous and fertig values to those
of the histidine prototype,A7-His], (oxidized, Kq;Fe(" is
140 pM andKgFe(" is 400 nM; reducedKq; " is 42 nM
and Kg oM is 15 uM), * illustrates that methylation of the
N¢ of histidine has only a relatively minor effect on heme

and ferrous heme oxidation states, respectively. Thus, theaffinity.

ferric and ferrous MCD spectra of Fe(DADPIXXF-H3mL
are consistent with the designed low-spin bis-(3-methyl-
histidine) coordination.

Heme Affinity Studies of Fe(PPIX)-[A7-H3m],. The
affinity of the protein ligand for Fe(PPIX) in each oxidation

Heme Affinity Studies of Fe(DADPIX)-[A7-H3m],. The
affinity of [A7-H3m}, for ferric and ferrous Fe(DADPIX)
was determined using UVvis titrations at protein concen-
trations from 50 nM to 5Q:M. Freshly prepared solutions
of Fe(DADPIX)CI in DMSO were titrated into aqueous

state was determined using titrations at a variety of protein solutions of A7-H3m}L with gentle stirring. Fe(DADPIX)

concentrations. U¥visible spectroscopic titrations over
peptide concentrations ranging from 50 nM to @l in

incorporation was complete within 5 min, which is consider-
ably faster than the 90 min required to bind hemé& a

rectangular cells of 10 and 1 cm path length were used torelated maquette scaffofd Figure 7A shows the ferric Fe-

determine the two individual heme dissociation constants,

Kg1 and Kg, values, of A7-H3mp. Titrations of freshly
prepared solutions of hemin, Fe(PPIX)CI, in DMSO into
agueous solutions of\7-H3m}, containing 20 mM KR 100
mM KCI, pH 8.0 buffer were performed with gentle stirring.

As observed with other protein maquettes containing Fe-

(DADPIX) titration data for A7-H3m}L at a concentration
of 1.34uM in 20 mM KP,, 100 mM KCI, pH 8.0 buffer.
The data evince a 1:1 Fe(DADPIX)-to-fourhelix bundle
stoichiometry at this concentration. Analysis of the absor-
bance at 426 nm as a function of added Fe(DADPIX) with
a heme binding model yields l&4;7¢") value of 200 nM.

(PPIX)** the spectral changes indicate that oxidized heme Experimental attempts to determine the value of the second

equilibration is complete within 5 min. Figure 6A shows the
ferric Fe(PPIX) titration data for aY7-H3m} concentration

dissociation constant for ferric Fe(DADPIXKq"!", by
titration at higher protein concentrations yielded only a weak
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are slightly more positive than the corresponding value for
monohemeA7-Hisl,, —222 mV, and dihemeA7-His],,

s oo
S o &
o
B

S

Abs (426 nm)
Abs (450 nm)
ococooeoSe
SthbRnaam

g 0.10] 3 s —188 and—238 mV!* In the case of Fe(DADPIX), only
§oosfy Z“ §%1 - the electrochemistry of the mono-Fe(DADPIX) complex
5 006l Dol vl So02/ 1 themei / [arotein] could be determined because of the weak second ferric Fe-
= - < : (DADPIX) dissociation constant valu&g,"¢"). For mono-
0'02 % Fe(DADPIX)-[A7-H3m}, the increase in the ferrous Fe-
00| MEENG (DADPIX) Soret absorption at 450 nm fits to an equilibrium

0. e 0.0
250 350 450 55 650 750 400 450 500 550 600 650 700 750 i i i i —
Wavelength (nm) Wavelength (am) midpoint reduction poten'glal at pH &ms, value of 30+ _
. . . - _ 10 mV vs SHE, as shown in Figure 8. The reduction potential
Figure 7. Thermodynamic analysis of the\f-H3m} affinity for ferric .
and ferrous Fe(DADPIX) followed by optical spectroscopy. (A) Fe(ll-  Of mono-Fe(DADPIX)-A7-H3m} is 160 mV (3.7 kcal/mol)
(DADPIX) was titrated into a 1.34M solution of [A7-H3m}, in 20 mM more positive than mono-Fe(DADPIXA[/-H3mL. This 160
KP;, 100 mM KCI, pH 8.0 in a 1.0 cm quartz cell. The inset shows the i e cimi i
absorption at 426 nm fit to & 1:1 Fe(DADPIXKT-H3m) complex. (B) mV difference is similar to the 174 mV difference observed
Ferrous Fe(DADPIX) was titrated into a 2.38 [ A7-H3m}, solution in a between the hemigand heme maquettes, mono-Fe(PPIX)-
1.0 cm quartz cell under anaerobic conditions. The inset shows the [H10A24], and mono-hema-[H10A24],,%% and the 140 mV
absorption at 450 nm fit to a 2:1 Fe(DADPIXXY-H3m}L complex. All positive shift inE,, observed upon conversion ofcatype
samples were equilibrated 10 min between additions prior to measurement . . .
on a Cary 100 spectrophotometer. heme vinyl group inThermus thermophilusytochromecss;
into a formyl group?® This similarity suggests that the two
1.0 acetyl groups in Fe(DADPIX) impart the same electrochemi-
cal effect as the one formyl group in heraeFurthermore,

0.8

@ the data indicate that the majority of the electrochemical
§ 0.6 difference between natural hera@nd heméb is due to the
7 C-8 formyl substitutent.
g ™4 . _
2 0o Discussion
00 The [A7-H3m}L heme protein maquette has been utilized

to evaluate the roles of electron-withdrawing groups on ferric
and ferrous heme affinity and electrochemistry relevant to
Figure 8. Spectroelectrochemical determination of the equilibrium heme a in CcO. Fe(diacetyldeuterioporphyrin IX), Fe-
midpoint .reduction potentials for the Fe(PP{-H3m] (a) and Fe- (DADPIX_)' has been introduced int\/-H3m}, to provide
(DADPIX)-[A7-H3m], (@) heme protein maquettes at pH 8.0. The data & Synthetic analogue for the hemelectron-transfer cofactor
are fit to singleN = 1 Nernst curves with a midpoint reduction potentials jn CcO. The thermodynamic affinity of the bis-imidazole
of 7190+ 10 and—30 & 10 mV vs SHE, respectively. heme binding sites inA7-H3m} for Fe(PPIX) and Fe-
limit of 500 «M. Th 7.143 binds Fe(DADPIX (DADPIX) were measured along with the related electro-
Imit o M. Thus, A7- m]2. Inas _e(_ ) chemistry. Comparison of the coordination equilibria of
significantly weaker than Fe(PPIX) in the oxidized state. In Fe(PPIX)- and Fe(DADPIX)/A7-H3m], demonstrates that
the reduc%q j_tate, the titration curve measgred ;‘or Fe'the electron-withdrawing acetyl groups on Fe(DADPIX) do
(DADPIX) bin N9 to [A7—I—!3m]2 'f"t a concentraﬂqn of 2.3 not alter the ferrous affinity significantly but weaken the
uM shows format!on of a t!ght 2:1 heme/four-helix bgndle ferric affinity by 2500-fold relative to Fe(PPIX). This
complex, as dgsgned. Fits to d'ata Sets at a variety OfWeakened ferric affinity results in the majority of the 160
concentrations indicate that the first ferrous Fe(DADPIX) .\, positive shift in the reduction potential observed between
dissociation constanky;™", has a value of 37 nM, while Fe(DADPIX)-[A7-H3m}, and Fe(PPIX)-A7-H3m}. These

Fe(ll) .
:?eFes(ﬁ,;con ddésze(”) hals a valuel of 730 hnM. '(;hese ferrgijs thermodynamic data suggest that one role of the electron-
at > andKq =" values are close to those determined for withdrawing C-8 formyl group on hema is to raise the

Fe(PPIX) in the same scaffold)[?—H3m]2, anq suggest that . reduction potential by destabilizing the binding of the protein
the acetyl groups do not have major steric or electronic to the ferric state

effects on Fe(lty-ligand bonding. The incorporation of Fe(DADPIX) into designed heme

Redox Activity Comparison of Fe(PPIX)- and Fe- ; : . . .
(DADPIX)-[ A7-H3m,. Figure 8 shows the electrochemistry proteins provides for the facile generation of synthetic
: analogues of hema, the electron transfer heme cofactor in

of Fe(PPIX)- and Fe(DADPIX)47-H3m], as evaluated CcO. Previous studies on hem@corporation into maquette

using UV—visible spectroelectrochemistry. For monoheme- o S
[A7-H3m}, the increase in the Fe(PPIX) Soret absorption scaffolds have demonstrated that porphyrin incorporation is
at 426 nrr’l due to iron reduction fits to an equilibrium relatively slow and can lead to significant changes in the
midpoint reduction potential at pH value, of—190+ ) . ;
10 rr)nV vs SHE Igihemeﬁ{?—lE)BmE];nsdemonstrates two (39) 5’8('{5“ 33 ‘1'4%13(3?28%8' R.: Sharp, R. E.; Dutton, FBlochemistry
individual heme reduction potentials,170 and—209 mV (36) '\ljle_eF,)J-t ’AI-;KTolﬁarg, T. RK.; tt{ng, E.; Siﬂnders, g._;mnlf/ilclgr_-x\(agg, L.
vs SHE, which are split by 39 mV due to hemigeme Lo T Ot W A Wil B oA Stott O D MeRes
L . . ,T.M; g, W. A.; Williams, P. A; Stout, C. D.; McRee,
electrostatic interactions in the maquette. ThEsgvalues D.; Pastuszyn, ABiochemistry 2004 43, 12162-12176.

350 2250 -150  -50 50 150
Potential (mV vs. SHE)
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Scheme 1. Thermodynamic Analysis of Fe(PPIX) Affinity and Scheme 2. Thermodynamic Analysis of Fe(DADPIX) Affinity and
Electrochemistry in theA7-H3m}L Maquette Scaffold Electrochemistry in theA7-H3m}L, Maquette Scaffold

bundle structur& The data presented here demonstrate that . L
of 79 pM as reported in Scheme 1. The similarity of these

f Fe(DADPIX) provides for rapid | tion of th
use of Fe( ) provides for rapid incorporation of the -\ L " oce published for Fe(PPIX) binding to the

heme cofactor (5 vs 90 min) with general retention of the N E )
bundle structure. These improvements are clearly due to thel_—h|st|d|ne—conta|n|ng maquette, Fe(PPDA-HisL, dem-

lack of the hydroxyethylfarnesyl chain whose hydrophobic o.ns.trates that 3-mthy_I—h istdine aqcl-histidine POSSESS very
character encourages porphyrin self-association. In addition,Slmllar Fe(PPIX) binding properties.

the use of Fe(DADPIX) provides spectroscopic and electro-  COmparison of the thermodynamics aff-H3m], binding
chemical characteristics that are similar to hentound o~ 1© F&(PPIX) and Fe(DADPIX) reveals both the steric and

bis-His maquettésand the low-spin bis-His site in CcO. As electronic consequences of porphyrin alteration on the affinity

de novo heme protein design advances toward the construc®' the maguette scaffold for both oxidation states. In the
tion of multicomponent redox proteins containing electron- ferrous state, the first dissociation constant for Fe(DADPIX)
transfer chains such as CcO maquetfetie more positive 1S 37 "M, @ value only 1.9-fold, or 0.4 kcal/mol, weaker
reduction potentials observed for hemand Fe(DADPIX) than that observed for Fe(PPIX) in this scaffold. Therefore,

relative to Fe(PPIX) make them more attractive alternatives " terms of sftenc hindrance, the introduction of the'bglkler
as electron acceptors. acetyl substitutents has not greatly altered the affinity for

) o I the first f h . In addition, i f the rati
Analysis of the coordination equilibrium of Fe(PPIX) e nirstrerrous neme. n accition, a comparison o the ratio

. . . of the second to first ferrouss(" values for Fe(PPIX) and
blnd|_ng .to .m7-.H3m]2 pregented n Scheme 1. provides Fe(DADPIX), 200 and 20, respectively, suggests that the
detailed insight into the design of this heme protein maquette

S e .. acetyl groups of Fe(DADPIX) do not hinder the binding of
and demonstrates that similarities of the maquettes contalnmg[he second Fe(DADPIX) to a larger extent than the vinyl
3-methylt-histidine and.-histidine ligands. In the ferrous

state, the data show that the second Fe(PPIX) binds 200_groups of Fe(PPIX). However, in the oxidized state, signifi-

fold weaker than the first, dissociation constant values of 4 cant changes in the ferric heme dissociation constants are
iy X observed between Fe(PPIX) and Fe(DADPIX), which are
uM and 20 nM, respectively. Since the ferrous Fe(PPIX) ( ) ( )

int ted in t f lectronic effect. The Fe(DADPIX
core is formally neutral, i.e., [Pe(porphyrir?-)]°, with the interpreted in terms of an electronic effect. The Fe( )

charges on the propionates ignored because they are solvenli)K i value is measured to be 200 nM, a value 2500-fold,
. . . or 4.6 kcal/mol, weaker than the corresponding value for
exposed, this 200-fold, or 3.1 kcal/mol, difference in heme b 9

T . L ; .~ Fe(PPIX), 79 pM. Thus, the acetyl groups significantly
binding is attributed to the steric hindrance of incorporating \, -\ an the affinity of the bis-imidazole site for ferric heme
a second heme macrocycle in close proximity to the first

o . 4 . o iron. Caughey and co-workers have termed trigsaffect?’
within the protein scaff_old. In the ferric state, th_e b_|nd|ng since changes in the-donation abilities of the equatorial
of a second Fe(PPIX) is yveakene_d by this steric hmdrance,#igand& i.e., the porphyrin pyrroleKp values, alter the
as well as an electrostatic r_epuIS|on due to the g)resence Oaffinity of the metal for its axial ligands
another formally charged ferric Fe(PPIX) core, i.e. ffgor- As given in eq 1, the reduction potential of the bound heme

phyrir?-)]**. The magnitude of this electrostatic repulsion . . . . )

; . L . is a function of the ratio of its ferric and ferrous heme

is evidenced by the hemdeme electrostatic interaction of . o . . .
dissociation constants. The elevation in the reduction

39 mV, or 0.9 kcal/mol, observed in the electrochemistry of ' .
the diheme-bound state of Fe(PPDQ7-H3mL. Based orzl potential Of.Fe(DADPIX)'D7'H3m]2 relative to Fe(PPI)Q-
) [A7-H3m} is a direct consequence of the changes in the

these thermodynamic considerations, the dissociation con-__.. : - .
. . ! ratio of the ferric and ferr heme affiniti ri ve.
stant of the first ferric Fe(PPIX)q:7¢" value, should be atio of the ferric and ferrous heme a es described above

885-fold, or 4.0 kcal/mol, tighter than the measured second (37) Caughey, W. S.. Barlow, C. H.; O'Keeffe, D. H.; O'Toole, M. C.
ferric Fe(PPIX) Kq2" value of 70 nM, or &g, value Ann. NY Acad. S6i1973 206 296-309.
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The measured 4.6 kcal/mol weaker ferric affinity coupled
with the 0.4 kcal/mol tighter ferrous affinity of Fe(DADPIX)-
[A7-H3m}L compared to Fe(PPIX)A7-H3m}L indicates
that a 4.2 kcal/mol, or 180 mV, change in the electro-

Zhuang et al.

Conclusions

In summary, the thermodynamic analysis presented here
indicates that electron-withdrawing groups on iron porphyrins
serve to raise their reduction potentials by destabilizing the

chemistry is expected. The observed 160 mV, or 3.7 kcal/ ferric ion affinity for axial imidazole ligands while leaving
mol, difference is as close as might be expected to the 180the ferrous affinities virtually unchanged. Given the chemical

mV value given the 0.5 kcal/mol error of the individual

structure of heme and its biosynthetic pathway from the

K4 andE., measurements. Furthermore, the data in Schemeg™ore prevalent hemb, these data suggest that one role of

1 and 2 indicate that destabilization of the ferric state by
the electron-withdrawing acetyl groups is by far the major
contributor to the rise in the reduction potential of Fe(DAD-
PIX) relative to Fe(PPIX). The 160 mV difference
between Fe(PPIX) and Fe(DADPIX) inf-H3m} is similar

to both the 140 mV positive shift imhermus thermo-
philuscytochromecss, upon incorporation of a formyl group
and the 174 mV difference in reduction potential between
Fe(PPIX) and hema bound to a bis-His protein maquette,

the hydroxyethylfarnesyl tail at C-2 in hema is to
compensate for the loss in ferric axial ligand affinity due to
electronic effects of the formyl group at C-8 by stabilizing
the binding of both oxidation states. Future experiments with
maguettes containing henteare planned to evaluate the
stabilization imparted by the C-2 farnesyl chéin.
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