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ABSTRACT: We have investigated the properties of the two hemes bound to histidine in the H10 positions
of the uniquely structured apo form of the heme binding four-helix bundle protein maquette [H10H24-
L61,L13F],, here called |F13H24]2 for the amino acids at positions 6 (1), 13 (F) and 24 (H), respectively.
The primary structure of eachi-helix, a-SH, in [lsFisH24]2 is Ac-CGGGESWKL -HEEF3LKK -
FEELLKL-H**EERLKK-L-CONH,. In our nomenclature, §Fi13H24] represents the disulfide-bridged di-
o-helical homodimer of this sequence, i.e-$Sa), and [kFi3H24]2 represents the dimeric four helix
bundle composed of two di-helical subunits, i.e.,o-SS«),. We replaced the histidines at positions
H24 in [lgF13H24]2 with hydrophobic amino acids incompetent for heme ligation. These maquette variants,
[16F13l24]2, [16F13A24]2, and [kF1sF24]2, are distinguished from the tetraheme binding parent peptide,
[16F13H24]2, by a reduction in the heme:four-helix bundle stoichiometry from 4:1 to 2:1. Iterative redesign
has identified phenylalanine as the optimal amino acid replacement for H24 in the context of apo state
conformational specificity. Furthermore, the novel second generation dihgmerph], maquette was
related to the first generation diheme [H10A2@tototype, [LsL13A24]2 in the present nomenclature, via

a sequential path in sequence space to evaluate the effects of conservative hydrophobic amino acid changes
on heme properties. Each of the disulfide-linked dipeptides studied was highly helité{ as determined

from circular dichroism spectroscopy), self-associates in solution to form a dimer (as determined by size
exclusion chromatography), is thermodynamically stableAG™° >18 kcal/mol), and possesses
conformational specificity that NMR data indicate can vary from multistructured to single structured.
Each peptide binds one heme with a dissociation condtantjalue, tighter than 65 nM forming a series

of monoheme maquettes. Addition of a second equivalent of heme results in heme bindindwgih a

the range of 35800 nM forming the diheme maquette state. Single conservative amino acid changes
between peptide sequences are responsible for up to 10-fold chagesines. The equilibrium reduction
midpoint potential En7.5) determined in the monoheme state ranges fratb6 to—210 mV vs SHE and

in the diheme state ranges frorl44 to—288 mV. An observed hemeéheme electrostatic interaction
(>70 mV) in the diheme state indicates a syn global topology of the-ldélical monomers. The heme
affinity and electrochemistry of the three H24 variants studied identify the tight binding Kifesid

Ka2 values<200 nM) having the lower reduction midpoint potentias,{ s values of—155 and—260

mV) with the H10 bound hemes in the parent tetraheme state of [H10H24-L6l4,18€fe called
[l6F13H24]2. The results of this study illustrate that conservative hydrophobic amino acid changes near the
heme binding site can modulate g by up to+50 mV and theKy by an order of magnitude. Furthermore,

the effects of multiple single amino acid changesEnandKy do not appear to be additive.

Maguettes 1), simplified functional versions of complex amenable to primary amino acid sequence alterations without
native enzymes, provide a biochemical framework within large-scale structural perturbatio®, (3). Using dimeric
which to constructively test hypotheses about enzyme maquette scaffolds, we have incorporated a variety of
structure-function relationships. On the basis of a generic biochemically derived prosthetic groups and cofactors in-
(a-SS), architecture, the tetra-helical bundle maquettes  cluding hemes and other metalloporphyritis4), free base
provide a highly stable and robust protein assembly that is porphyrin dimers§), nitroxide spin labels representing amino
acid radicals @), iron—sulfur clusters 1), and flavins 8)
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Ficure 1: Representation of the apaiffhsHz4]. monomer NMR solution structure. The surface representation, panel A, illustrates the lack
of a classic heme binding pocket in the vicinity of either the H10 or H24 binding sites. The sites of modification are labeled on the single
helix in panel B, which demonstrates orientation of the peptide with the H10 site on top.

tetraa-helical protein, [H10H24] (1) ([LeL1sH24]2 in the [I6F13H24] 2, called [IFLL in ref 3, with the hydrophobic amino
present nomenclature), was designed to model the keyacids alanine, isoleucine, and phenylalanine, chosen for their
structural features of the cytochrorbe respiratory complex  range of steric and conformational properties onatHeelical
Il (ubiguinol:cytochromec oxidoreductase, EC 1.10.2.2) structure and their incompetence for iron ligation. The
(12—14) and has served as the prototype heme maquette inresulting three peptides, designateg-{}A24]2, [16F13l24]2,
our hierarchical approacii%) to heme protein design. Using  and [kF13F24]2, bind only two hemes per four-helix bundle,
this scaffold, we have investigated protejorotein assembly  as designed, confirming the obligate role of histidine in iron
by designing conformationally specific proteirng @, 16) ligation. Since [§F13F24]2 is only three amino acids different
that provide an experimental view of sequence space, thethan the well-characterized prototypeslisA24]2, a series
landscape of all protein sequences. Additionally, we have of three modified versions of L 13A24], were made to link
used magquettes to study proteicofactor interactions that it to [IsF13F24]2 by @ path in sequence space. This series of
define the basic engineering specifications requisite for hemepeptides can be also used to evaluate the feasibility of rational
and iron-sulfur incorporation and the breadth of their evolution of heme properties in designed proteins. The data
tolerances 11, 17) and hemeheme electrostatic com- presented clearly demonstrate that the amino acid changes
munication (cofactorcofactor interactions) which provides to [LeLi3Hz4)2 responsible for a gain in conformational
a method to define the relative global topology of the two specificity transfer to the related dlL13A4]» Scaffold. Direct
di-a-helical protein subunits of diheme{SS+«), (18). This evidence for oxidized heme affinity is presented for each
versatile model system has also allowed investigations of peptide studied. The electrochemistry of each peptide in two
intercofactor electron transféB)(and coupled electron/proton  distinct states (one and two hemes bound) demonstrates a
transfer (proton uptake/release during heme reduction/low dielectric hydrophobic core which supports henfeme
oxidation) (L9), processes fundamental to bioenergetics and electrostatic interactions and, furthermore, defines the global
ubiquitous within biochemistry. topology of the diheme proteins. Finally, a correlation of
Herein, we trace a continuous path in sequence space fronmapoprotein conformational specificity and heme reduction
the second generation prototype tetraheme protein maquettgotentials of the single heme bound states demonstrates that
[16F13H24]> (named for its amino acids at positions 6, 13, and hydrophobic packing modulates heme redox activity.
24 a_n_d _shown in Figure 1), which is conformationally MATERIALS AND METHODS
specific in the apo state and whose structure has recently . ) o . )
been determined via solution NMRnethodologies20, 21), . He_rn!n, trlﬂuoroacgt!c acid, diethyl (_ather, acetic anhydr[de,
to the first generation prototype dihemeyl[LsA 4> maquette p|per|(j|ne, and pyndme were obtained from the Aldrich
(1). Our purpose was twofold: first, to define the properties Chemical Co. (Milwaukee, WI). Ethanedithiol and 1-hy-
of the hemes bound to the H10 sites igFjkH-4]»; second, droxybenzotriazole (HOBt) were purchased from Fluka
to investigate the role of sequential hydrophobic amino acid (Ronkonkoma, NY). The NovaSyn PR-500 resin was pur-

changes in heme affinity and electrochemistry and map thesech@sed from Calbiochem-Novabiochem (La Jolla, CA).
in functional sequence space. For system simplification, we Natural Fmoc-protected amino acids were acquired as penta-

replaced the four histidine ligands at helix positions 24 in fluorophenyl esters from PerSeptive Biosystems(Framing-
ham, MA) with the exception of Fmoc-Arg(Pmc)-OPfp,

1 Abbreviations: Fmoc, 9-fluorenylmethoxycarborifdy, tert-butyl;
Pmc, 2,2,5,7,8-pentamethylchroman-6-sulfonyl; OPfp, pentafluorophe- hydrochloride; HPLC, high-performance liquid chromatograph@i,
nyl ester; CD, circular dichroism; NMR, nuclear magnetic resonance; difference in Gibbs free energy between denatured and folded protein
13C HSQC, carbon-13 heteronuclear single-quantum coherence; NOE,in the presence of dentaturattGHz°, difference in Gibbs free energy
nuclear Overhauser effect; SHE, standard hydrogen electige; between denatured and folded protein in water; DMRy-dimethyl-
equilibrium midpoint reduction potential at pH 7.5; GHCI, guanidine formamide; TFA, trifluoroacetic acid; DMSO, dimethyl sulfoxide.
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which was purchased from Bachem (King of Prussia, PA).
Guanidine hydrochloride (8 M) was used as received from
Pierce (Rockford, IL). All other chemicals and solvents were
of reagent grade.

Chemical Synthesis of PeptideGeneral ProcedureThe

Gibney et al.

concentrations were determined spectrophotometrically using
€280 Of 5600 Mt cm™? per helix.

Heme IncorporationA DMSO solution of hemin was ad-
ded in 0.1 equiv aliquots to peptide solutions (10 mM;KP
100 mM KCI, pH 7.5) with 10 min equilibration between

peptides were synthesized on a continuous flow PerSeptiveadditions. Theé{y values were obtained from fitting the absor-
Biosystems Pioneeer solid-phase synthesizer using the Fmochance at 412 nm plotted against [heme]/[four-helix bundle]

‘Bu protection strategy2@) with NovaSyn PR-500 resin at
0.2 mmol scale. Single coupling cycles of 30 min with OPfp/
HOBt chemistry were employed for all amino acids. The
side chain protecting groups used are as follows: Lys (
Boc); Glu (OBu); Cys (Trt); His {Boc); Arg (Pmc). After

according to an equation for two independent binding sites
(24).

FPLC Purification of Diheme Peptide®reparative size
exclusion chromatography was utilized to remove DMSO
and higher order hemeprotein aggregates<G% total

peptide assembly the N-termini were manually acetylated protein) prior to concentration for NMR spectroscopy.

followed by thorough washing with DMF, MeOH, and gH

Cl,. Each peptide was cleaved from the resin and simulta-

neously deprotected using 90:8:2 (v/v/v) trifluoroacetic acid
ethanedithiot-water for 3 h. Crude peptides were precipitated
and washed with cold ether, followed by dissolution in water
(0.1% v/v TFA), lyophilization, and reversed-phasgs C
HPLC purification to homogeneity using aqueous acetonitrile
gradients containing 0.1% (v/v) TFA. The N-terminal cys-
teine residues of the purified peptides were air oxidized to
the symmetric disulfides in 100 mM ammonium carbonate
buffer, pH 9.5 (47 h), which was followed by analytical
HPLC. After lyophilization, the identities of the resulting
di-a-helical disulfide-bridged peptides were confirmed with
laser desorption mass spectrometry.

Solution Molecular Weight DeterminatioAnalytical size

Purification was performed on a Beckman System Gold
HPLC pump with a diode array detector interfaced with a
High Load 16/60 Superdex 75 prep grade column eluted with
aqueous buffer (10 mM KP100 mM KCI, pH 7.5) at a 2
mL/min flow rate. The sample provided a chromatogram
consistent with that obtained from the analytical size exclu-
sion column. The four-helix bundle fraction was collected
and concentrated in Centriprep-3 centrifugal force concentra-
tors in a Sorval RC-5B centrifuge. Analytical size exclusion
chromatography of the concentrated peptides displayed a
single species of molecular weight consistent with a four-
helix bundle aggregation state.

Redox PotentiometryChemical redox titration26) were
performed in an anaerobic cuvette equipped with a platinum
working and a calomel reference electrode at@2Ambient

exclusion chromatography was performed on a Beckmanredox potentials (measured against the standard hydrogen

System Gold HPLC system (Fullerton, CA) with a diode

electrode) were adjusted by addition of aliquotdl (uL) of

array detector using a Pharmacia Superdex 75 columnsodium dithionite or potassium ferricyanide. Titrations were
(Pharmacia Biotech, Uppsala, Sweden) eluted with aqueousperformed in 10 mM potassium phosphate and 100 mM KClI,

buffer (10 mM KR, 100 mM KClI, pH 8.0) at a flow rate of
0.5 mL/min. The column was standardized with the globular
proteins (MW): aprotinin (6.5 kDa), horse heart cytochrome
¢ (12.1 kDa), ribonuclease A (13.7 kDa), myoglobin (16.7
kDa), chymotrypsinogen (25.0 kDa), ovalbumin (43.0 kDa),
and bovine serum albumin (67.0 kDa).

Circular Dichroism SpectropolarimetryCD spectra were
recorded on an AVIV 62DS spectropolarimeter using
rectangular quartz cells of 2 mm path length with a 10 s
averaging time. Thermal control was maintained by a
thermoelectric module with a Neslab CFT-33 refrigerated

pH 7.5. Electrode solution mediation was facilitated by the
following mediators at 1M concentration: benzyl violo-
gen, 2,6-dihydroxyanthroquinone, 2-hydroxy-1,4-naphtho-
quinone, anthroquinone-2-sulfonate, duroquinone, phenazine
ethosulfate, phenazine methosulfate, pyocyanine, 1,4-ben-
zoquinone, 1,2-naphthoquinone, and 1,4-naphthoquinone.
After equilibration at each potential, the optical spectrum
was recorded. Reduction of the hemes was followed by the
increase in thex-band absorption at 559 nm relative to a
baseline wavelength (700 nm) or by the increasg-lvand
absorption at 426 nm relative to an isosbestic point (417 nm).

recirculating water bath. Peptide concentrations were betweenSpectral intensity was plotted against potential, and the data

3.5 and 4.quM (four-helix bundle) as determined spectro-
photometrically usinggo of 5600 Mt cm™ helix™2.
Denaturation StudiesPeptide denaturation curves at 25
°C were fit to a dimer folded to two monomer unfolded
equilibrium using a nonlinear least squares routine in
KaleidaGraph (Abelbeck Software) to the equati@B){

fraction folded= 1 — (exp(~AG,/RT)/4P)[(1 +
8P/lexp(—AG,/RT)Y? — 1]

where P is the molar concentration of total monomeric
protein andAGu, = AGH® — m[Gdn-HCI], m is the
cosolvation term, which is a measure of the cooperativity of
the transition, and [denaturant] is the concentration of
denaturant).

UV—Vis SpectroscopyJV—visible spectra were recorded

were fit to either a single or a pair of Nernst equations of
equal weight withn = 1.0 (fixed).

NMR SpectroscopyApopeptide one-dimensional proton
spectra were acquired on a INOVA-600 spectrometer:
spectral width 7200 Hz (12 ppmiyax 142 ms; apodization
function cosine, 15 shifted; zero-filling 4096 points. The
apopeptide samples were prepared at 00 monomer
concentration (250uM four-helix bundle) in 20 mM
phosphate (pH 7.25), 50 mM KCI, and 8% @ Heme-
loaded peptide NMR spectra were acquired on a Varian
INOVA-500 spectrometer: spectral width 15 000 Hz (30
ppm);tmax 136 Ms; apodization function cosine,1dhifted,;
zero-filling 4096 points. Heme-loaded samples were prepared
at 250uM four-helix bundle concentration in 20 mM KP
50 mM KCI, and 8% DO at pH 6.6. All proton chemical
shifts were referenced to an external sample of DSS at 0.00

on a Perkin-Elmer Lambda 2 spectrophotometer using quartzppm. The NMR data were processed on SGI computers using

cells of 0.1, 0.2, 1.0, and 10 cm path length. Peptide

FELIX95 software (Molecular Simulations, San Diego, CA).
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RESULTS Scheme 1: Sequence Space Representation of the Peptide
Design of [kF1sH24] > Variants.The first conformationally ~ Variants Studied
unique member of thextSS«.), architectural class,dFidHz4)2, Lol (1oL sFagly, 2 B4 1]
was derived from the multistructured prototype heme protein [leb1sAul “ (LeLiFadly m; T (IeF13F2dl> FZZA[%F “ 2]
13t24l2 13932417

maquette, [kL1sH4], previously called [H10H24](1). An
iterative redesign process based on the replacement Of (LelisAu]  ac- CGGGELSWKLHLOEEL:LKKFEELLKLA24EERLKKL-CoNH,

flexible leucine residues with more rigj-branched and ac- CGGOBLAKLER OFEL 3T KKFEELLKTA?BERLKKT.-conry
aromatic amino acids was developed and provided a con- [LgL;sF]  Ac- CGGGELSWKLH!°EELI3LKKFEELLKLF24EERLKKL - CONH,
formational specificity map of sequence spa8e2(l). The e~ CGGGELAWKL OEELY LK FEELLKLF?$EERLKKL, - cort;
exact pathway in sequence space was as follows: [TeL13F24] Ac-<:IGGGE::6WKLHIOEELULKKFEELLKLFZ4EERLKKL-cowyz

ac- CGGGEISWKLHLOEEL3LKKFEELLKLF24EERLKKL - CONF,

[LeLigHod, — [LeF|3F]  Ac- CGGGELSWKLEIOEEF13LKKFEELLKLF24EERLKKL - CONH,
(multistructured) Ac—éGGGELSWKLHlOEEF13LKKFEELLKLF24EERLKK_L-COI\IH2

- SWKLH! OEEF 3L KKFEELLKLF2EERLKKL - CoNg
l.L..H or [L.F..H — [1gF)3F24] Ac-CGGGET L
[t 1124l OF [L F1aHadl2 Ac- CGGGETSWKLHLOEEF! 3LKKFEELLKLF24EERLKKL - coNt,

(two dominant structures) or (uniquely structured)
[I¢F13A24]  Ac-CGGGEISWKLHIOEEF13LKKFEELLKLA24EERLKKL - CONH,

[I 6F13H 24] 2 Ac- CGGGEISWKLH! OEEF13LKKFEELLKLA24EERLKKL - CONH,
(unlquely Strucwred) [IgF1314] Ac-CGGGEISWKLHL OEEF13LKKFEELLKLI24EERLKKL - CONH,
Ac- CGGGEISWKLHI9EEF13LKKFEELLKLI24EERLKKL - CONH,
Each arrow represents a single amino acid alteration per helix
R . . . [IgF13Hy4]  Ac-CGGGEISWKLH!OEEF!3LKKFEELLKLH24EERLKKL - CONH,
or four alterations per four-helix bundle. The nativelike 2c- ¢GOGRTONKI ML OREF *LKKFEEL LK H23EERLKKL - cons,
character of §F1aH.4]-, representative of the generig-GS- a Sequences given in single amino acid code. Each arrow represents
o), class of maquette scaffolds, in the apo state was the single amino acid modification shown.
determined by NMR spectroscop3)( Recently, the solution
structure of the disulfide-bridged di-helical monomer, - volumes smaller than and larger than histidine (15Bwere
SS«), of this second generation apomaquette scaffold hasevaluated to determine the optimal amino acid replacement
been completed by NMR methodologieX)(21). Further- at this internal protein site (heptadposition) in terms of
more, the relative orientations of the twodihelical subunits ~ apo state conformational specificity.
were deduced to be anti (loops on opposite sides of the four- The position 24 variant with phenylalaninesHlsF24]2, is
helix bundle) by the chemical attachment of optical and conformationally specific (vide infra) and only three amino
fluorescence probe26). acids per helix different than the well-characterized prototype
One result from the solution structure shown in Figure 1 [LeL13A24)2. A series of modified versions of fL13A24]>
is that the tight hydrophobic packing in the vicinity of the were made to link it to JFi3F24]> by a path in sequence
heme ligands precludes a heme binding pocket as observegpace as shown in Scheme 1. Starting witRLikA24]2,
in globular heme proteins, e.g., myoglobv). Despite the phenylalanines replaced the alanines at positions 24 yielding
absence of cavities to accommodate the heme macrocycle[LsL1sF24]2, @ single variant per helix (four per bundle).
[16F13H24]2 binds four hemes with high affinity, two witkq Second, in [lL13F24]2, the leucines at positions 6 were chang-
values of 16-200 nM and two withKy values of 5-15 uM. ed to isoleucines (fL13F24]2) or the leucines at positions 13
However and perhaps as a consequence of tight hydrophobisvere changed to phenylalaninesdfksF24]2), each a double
packing in the apo state, incorporation of the four heme mac- variant per helix. Lastly, the path in sequence space was
rocycles leads to multistructured heme proteins due to reor-completed by incorporation of all three modifications per
ganization of the hydrophobic corg). The complexity of helix, yielding the triple variant jFi3F.4]2. These stepwise
the heme binding and potentiometry data for tetraheme [I modifications provide a continuous path in sequence space
F1sH,4]> prevented site-specific assignment of the individual on which to map heme properties fromgllizAz4]- to
heme binding constants and reduction potentials of the four [l 6F1sF24]2: [Lel13A24]2 — [Lel1sF24)2 — [leL13F24]2 OF [Le-
heme binding sites, two at positions 10 and two at positions FisF242 — [ sF13F24]2, where each arrow represents a single
24, amino acid alteration per helix. These peptides potentially
Variants of [kF13H.4)> were designed to remove the two  offer insight into the effects that single amino acid alterations
heme binding sites at positions H24 to simplify assignment per helix can have on heme binding, heme electrochemistry,
to the remaining H10 heme data while maintaining the and apoprotein conformational specificity. Additionally, the
conformational specificity of the apo state. The H24 heme apo state conformational specificity evident in these variants
binding sites were selected for replacement since these havef [LsL13A24]> can be directly compared to a similar sequence
a 50-fold weaker affinity for heme in PL1aH.4]> compared space pathway from HL1aH»4]> to [IsF13H24]> to ascertain
to the N-terminal H10 sitel). The amino acid substitutions  if the two related sequences respond to identical modifica-
(Ala, lle, and Phe) were chosen for His because they (i) are tions in a similar fashion.
hydrophobic, (ii) occupy different volumes, and (iii) cannot ~ Peptide Aggregation StateBhe association state of each
coordinate iron. The side chain of alanine is a single methyl of the variants of [jFisH.4]. was evaluated in the apo and
group that occupies an 88Aolume and has a high helical diheme states using gel permeation chromatography with
propensity 28). The p-branched amino acid isoleucine initial loading concentrations ranging from 10 to 10M.
(volume of 166 &) has asecbutyl functionality, and the At all concentrations studied by gel permeation chromatog-
aromatic amino acid phenylalanine (volume of 19%) Bas raphy, the apopeptides elute with apparent molecular masses
a benzyl group. Thus, a stepwise series of hydrophobes withbetween 15.9 and 18.6 kDa (calculatddof 15.0-15.3 kDa)



10554 Biochemistry, Vol. 40, No. 35, 2001 Gibney et al.

Table 1: Peptide Characterization

molecular weight molar ellipticity (222 nm)

monomer g€l permeation (deg cnt2dmol1) % a-helix [GdnHCl]12 —AGH© m
peptide mass apo diheme apo diheme apo diheme (M) (kcal moft)  (kcal moft M~1)
[LeL13A24]2 7444 18 600 19 200 26 100 27100 81.5 84.6 5.59 24.8 3.1
[LeL13F24)2 7512 16200 17 400 26 400 28 000 825 875 6.9 (estd) >30 (estd) >3 (estd)
[l6L13F24]2 7512 16 700 18 200 24 800 27 200 77.5 85.0 6.51 26.7 29
[LeF1aF24l2 7578 17100 18000 26 600 26 900 832 841 6.9 (estd) >30 (estd) >4 (estd)
[16F13F24] 2 7664 16 400 17 600 27 800 29500 86.9 92.1 6.48 35.7 4.3
[16F13A24]2 7512 16 700 18 200 27 800 28 400 86.9 88.7 4.28 20.4 3.0
[16F13l24]2 7596 15900 17800 25000 26 700 78.1 83.4 5.22 21.2 2.7
20 mdegrees 20 mdegrees 5 mdegrees

[LLF], \—/\@/\
[ILF}, W\A
[LFFl, [LFF], M
[IFF], [IFF), [IFF],
[IFT, {IF1), N

(IFA], [IFA], M

[ I T [ [ I T T | J 1 I T T T
185 195 205 215 225 235 245 255185 195 205 215 225 235 245 255375 400 425 450 475
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Ficure 2: CD spectral comparison of the position 24 variants gf;BH.4]» followed by circular dichroism spectropolarimetry recorded at
25°C in 10 mM potassium phosphate and 100 mM KCI, pH 7.5, buffer. The peptides were investigated in both the apo (left panel) and
diheme states (center panel) which were also studied in the visible region of the spectrum (right panel). Peptide concentratiopdvere 4.5
four-helix bundle as determined spectrophotometrically using g € 5600 M1 cm™1) or oxidized hemeey;, = 120 mM~t cm1).

based on a column standardization curve derived from data Thermodynamic Stabilityrigure 3 shows the chemical
on globular proteins as shown in Table 1. These peptidesdenaturation of the peptides in the apo state as observed by
coelute with the [gFi13H.4]2, known to be a four-helix bundle  circular dichroism spectropolarimetr9). Prior to addition
by analytical ultracentrifugation, size exclusion chromatog- of guanidine hydrochloride, the mean residue ellipticities at
raphy, translational diffusion, and rotational correlation time 222 nm ([P].22) for the peptides studied are all greater than
(zc) measurement(). In the diheme state, the peptides elute —25 000 deg crfidmol, consistent with the design. Upon
with slightly larger apparent molecular masses, +1.4.2 addition of molar concentrations of guanidine hydrochloride,
kDa (calculatedM, of 16.2-16.5 kDa), consistent with the  [@]22, approaches zero, indicating protein denaturation to
incorporation of two heme moieties (0.6 kDa each). The data form random coil structures for each of the position 24
show that neither conservative amino acid substitutions nor variants as well as for {L13F.4]2. These cooperative dena-
the incorporation of two hemes results in disruption of the turation curves are sigmoidal with single inflection points,
designed dimeric aggregation state. consistent with a two-state equilibrium in which any
Peptide Secondary Structur€he left panel of Figure 2 intermediates are minimally populated at equilibrium.
shows the far-UV CD spectra of each of the apo state [| [LsFi3F24]2 and [LeL1sF24]2 are resistant to chemical dena-
F13H24]2 variants in aqueous buffer which are typical of high- turation at 25°C, and there exists a significant population
ly a-helical peptides (7#87% helical content) with minima  of native state in saturated guanidine hydrochloride. Table
at 208 and 222 nmu(— 7* and n— s7* minimum of a- 1 illustrates that the midpoint of the denaturation curves
helical systems, respectively) and a maximum at 192 nm. ([Gdn];»), molar cosolvation termsx), and—AGH values
The center panel of Figure 2 shows the far-UV CD spectra derived assuming a two-state model were highly dependent
of the diheme peptides that are characteristic of a highly on the identity of the modification made to the four helices.
a-helical framework. The calculated helicities of the diheme All of the peptides are highly stable in the apo state with
peptides (83-92% helicity) provide only an estimate of the —AG"° values ranging from 20 kcal/mol forgff1sA24)- to
helical content, as the heme macrocycle may have induced35 kcal/mol for [kFi3F24]2.
CD bands in this spectral region; however, it is clear that Conformational SpecificityFigure 4 shows the one-di-
there is no major change in the peptide secondary structuremensional'H NMR spectrum of the apo state variants of
upon heme incorporation. [16F13H24]2, whose NMR solution structure has been solved
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Ficure 3: Guanidine hydrochloride denaturation melts of the
[16F13H24]2 variants (top panel) §F13A24]2 (A), [16F13l24]2 (M), and

[l 5F13F24] (V) and (bOttom panel) [&L13F24]2 (A) [|6L13F24]2 (.)

and [LeF15F24)2 (), followed by circular dichroism spectropola- [IFA],
rimetry recorded at 25C in 10 mM potassium phosphate and 100
mM KCI, pH 8.0, buffer. Peptide concentrations were /N (1.9

uM four-helix bundle) as determined spectrophotometrically using
Trp (e280 = 5600 Mt cmt helix™1). [IF1],

(21). Multiplicity of structure is clearly indicated for
[|6F13|24]2 and [|6F13|24]2 as their aromatic and amidéd
resonances exhibit larger line widths consistent with a [IFH],
manifold of interconverting conformations in the slow to
intermediate exchange range on thkchemical shift time
scale (milliseconds). Nonspecific protein aggregation, also
consistent with the observed line widths, does not occur (vide 96 88 80 72 64

supra). However, thiH NMR spectrum of [§F13F24]2 is fully 'H Chemical Shift (ppm)

consistent with a highly populated singular solution confor- FiGure 4: One-dimensional NMR spectra in the aromatanide
mation showing not only narrodH resonance line widths ~ regions of all apdl¢Fi3H>4] variants studied: (A) apo-Bl.isAzq]2,

but also large amide, aromatic, and methyl proton chemical (B) @P9lLeL1Fad2, (C) apo[lsl1Fada, (D) apo]LeFiafady, (E)

hift di . hi i similar i i h apofl eF1d24)2, (F) apelleFisl2dz, (G) apel[leFizA24)2, and (H) apo-
shift Ispersion. This spectrum is similar in qua 't_y t_o that [16F13H24]2. Spectra were acquired using identical acquisition and
of the uniquely structureddlFisH24]. These spectra indicate  processing parameters.

that the substitution of H24 with F24 ingH13H24]2 results
in a peptide with retention of conformational specificity, regardless of the position 24 occupant, histidine or pheny-
suggesting that aromatic hydrophobes are best accommodatetilanine. This hints that sequenrestructure information
in this sequence position. acquired from one maquette scaffold may be transferable to
Figure 4 also illustrates the conformational specificity of another related scaffold, a concept not previously demon-
the apo form magquettes in the stepwise transition from the strated in de novo design.
multistructured prototype, PL13A24]2, to the single structured Ferric Heme-Peptide Dissociation ConstantSleasure-
[l6F13H24]2. Starting from [lsL13A24]2, incorporation of a ments to determine the individuy values for the variants
phenylalanine at position 24, {L13F.4]2, yields a dramatic  of [IsF13H24] > Were performed over the peptide concentration
increase in the resolution of the NMR spectrum. The two range of 35 nM to 2«M. Figure 5A,B illustrates by UV
double per helix variants of HL13Az4]2, [leL13F24]2 and visible spectroscopy that the histidine to isoleucine variant,
[LeF13F24]2, @and the triple per helix variant,efF13F24]2, yield [16F13l24]2, binds only two hemes consistent with the removal
NMR spectra consistent with singlular solution conforma- of the two H24 heme binding sites in [IFH]Titration of
tions. These data demonstrate that single hydrophobic corel00 nM hemin [ferric(protoporphyrin IX)CI] in DMSO into
modifications per helix (four per bundle) are responsible for agueous solutions of 48 nM, 720 nM, and 1 peptide
the transformation of a multistructured peptide into a (10 mM KR, 100 mM KCI, pH 7.5) with gentle agitation
uniquely structured scaffold. The conformational specificity results in facile incorporation of heme intosfhal24]2 as
outcomes of these core modifications coincide with those evidenced by increase in the Soret maximum at 412 am (
observed for the conversion of the related multistructured of 1.20 x 10® M~* cm™! heme?) and poorly resolved:-
tetraheme prototype, fL13H24]2, into the uniquely structured  and S-bands at 535 nm. After addition of each aliquot,
[l6F13H24]2. Thus, the same sequence to conformational equilibration is complete within 5 min. Two independéqt
specificity relationship holds for the maquette scaffold values for the pair of H10 binding sites o&ffsl24]. were
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Table 2: Properties of Heme Proteins

heme optical spectroscopy heme reduction potential

Amax NM (€, mMM~1cm™1) heme dissociation constant (Em7.5in mV vs SHE) AEm75(mV)
peptide oxidized reduced Kg1 (NM) Kaz (NM) one heme two hemes two hemes
[LeL13A2d]2 412 (120) 426 (140) 50 800 —156 —144 72
535 (13.2) 529 (16.0) —216
559 (27.0)
[LeL1sFaq]2 412 (122) 426 (134) 65 700 —168 —156 72
535 (13.0) 529 (14.0) —228
559 (24.7)
[16L13F24)2 412 (120) 426 (135) <0.5 200 -203 —202 0
535 (12.5) 529 (12.2)
559 (21.1)
[LeF13F2dl2 412 (124) 426 (139) <0.5 150 —204 —202 0
535 (13.1) 529 (13.8)
559 (23.5)
[l6F13F24] 2 412 (121) 426 (133) <0.5 150 —-210 —150 126
535 (13.5) 529 (13.6) —276
559 (26.6)
[l6F13A24]2 412 (123) 426 (137) <05 35 —-208 —158 104
535 (13.9) 529 (14.2) —262
559 (23.1)
[16F13l24]2 412 (120) 426 (143) <05 130 —-191 —-156 132
535 (13.3) 529 (13.3) —288
559 (25.6)

@ Emg reduction potentials taken from rég.

determined to be at0.5 nM and 130 nM, shown as insets [LeL13F24]2, [leL13F24]2, and [LeF13F24]2 illustrate comparable

to Figure 5A,B; similar values are measured feF[kF.4].. heme distortions within the peptides despite changes in
The alanine variant, §F13A24]2, has a 4-fold weaker heme  hydrophobic amino acids close to the heme macrocycle. In
affinity. The similarity of thesd{y values to the tight binding  contrast, the hemes bound taHizA24]2, [IsF13l242, and

site Ky values of the four-heme parentgflsH4]2, allows [16F13F24] 2 peptides each reside in distinct local environments
their assignment to the H10 positions in the parent. Further- despite the fact that the amino acid differences>20 A
more, theKy values at position H10 show a slight modulation, away from the H10 heme binding sites. The CD spectrum
<5-fold, by the identity of the hydrophobic amino acid at of diheme [kF13A24]2 displays a weak positive Cotton effect
24,24. Reduction of diheme {13l 24] > with sodium dithionite at 412 nm, thelnax of the heme Soret absorption. A more
results in a heme optical spectrum with a Soret maximum at intense and somewhat asymmetric circular dichroism spec-

426 nm € = 1.43 x 10° Mt cm™* heme?) and a well- trum is observed for dihemegHsl24]2 which is similar to
reSOlVEd’g'band at 529 nmf(= 1.3x 10°Mtcm? hemél) that observed for [I;L13F24]2, [|6L13F24]2, and [L6F13F24]2. The
with ana-band at 559 nme(= 2.6 x 10 M~1cm ™t heme?), Soret CD spectrum of diheme gfhsF24]2 is S-shaped,
values representative of the series enumerated in Table ZAisplaying a splitting into two approximately equal and
and typical of bishistidine ligateld-type cytochromes30). opposite bands. While the dihemeHisF24]> spectrum is

The individualKy values of the sequence space pathway suggestive of hemeheme excitonic interactior8g), the CD
peptides were determined to ascertain the amino acid changespectrum of monohemesfisF24]» (data not shown), known
which resulted in the observed increase in heme affinity. Theto be a four-helix bundle containing a single heme, is

substitution of a phenylalanine at position 24 irllksA24]2 identical in line shape and position, demonstrating that this
resulted in no significant alteration in heme affinity; of mechanism is unlikely. The data for dihemgHkX24]2 (X
65 nM andKg, of 700 nM for [LeL13F24]2. In contrast, the = A, I, F) are consistent with a lowering of the heme

incorporation of either an isoleucine at position 6 or a symmetry with concomitant loss of the double degeneracy
phenylalanine at position 13 resulted in roughly a 10-fold of the Soret transition in response to the increasing steric
tighter affinity for the first heme and a 4-fold tighter affinity bulk of the hydrophobic residue at position 24 which also
for the second hemé{y; of <0.5 nM andKy, of 150-200 affects the apopeptide conformational specificity as shown
nM. Clearly, conservative amino acid changes local to the by NMR spectroscopy. The lower symmetry of the Soret
heme binding histidines at positions 10 can affect the hemebetween diheme {Fi3F24, and diheme PFi3A24]2, as

affinity by up to an order of magnitude. The peptide evidenced by CD, illustrates significant distortions in heme

containing all three amino acid modificationsgHisF24]2, conformation at the H10 binding sites due to remote
retained the tight heme binding properties established in thehydrophobic amino acid88). Since the hemes in all of these
double variants. diheme peptides are proximial to aromatic residues, variable

Induced Circular Dichroism of the Diheme Peptidébe steric constraints and hydrophobic packing at position 24
right panel of Figure 2 illustrates the induced CD of the heme may aid in the observed heme distortions. Additionally,
upon incorporation into the peptide scaffold. This series of adjustable coupling of the heme — xz* electric dipole
spectra demonstrate that the hemes reside in chiral environtransition 84) with phenylalanine 13 in these peptides may
ments since monomeric hemes in isotropic solution show serve as the mechanism for increasing the rotational strength
no circular dichroism 1). The visible CD of the peptide  observed in the induced CD spectra.
variants at positions 6 and 13, local to the heme binding Conformational Uniqueness of the Diheme St&igure
histidines at positions 10, show nearly identical circular 6 shows the impact of ferric heme incorporation on the NMR
dichroism spectra. The similar Cotton effects observed for spectrum of the peptides. The extraordinarily lartié
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Ficure 5: Heme binding isotherms forgfi3l24]2. (A) Titration of | | | 1 “I"\
a DMSO solution of hemin into a 720 nM peptide (360 nM 100 90 80 70 60
[16F13l24]2 solution recordedni a 1 cmpath-length cuvette at 25 IH Chemical Shift (ppm)

°C. Spectra shown contain 0.13, 0.41, 0.68, 0.95, 1.22, 1.49, 1.76, . . . . L
2.06, 2.57, 3.38, and 4.74 equiv of added hemin per four-helix FIGURE 6: One-dimensional NMR spectra in the aromatienide

bundle. The increasing absorbance at 250 nm is due to DMSO. regions of all the oxidized diheme peptides studied: (A) diheme
(B) Titration of hemin into a 48 nM peptide (24 NMgfy3l24]2) [LeL13A24]2, (B) diheme [leL13F2q, (C) diheme [4L1gF24)2, (D)
solution recorded in a 10 cm path-length cuvette at@5Spectra  diheme [LeFisF24]2, (E) diheme [§F15F24], (F) diheme [{F1sAz4]o,
shown contain 0.0, 0.2, 0.4, 0.6, 0.7, 0.8, 0.9, 1.0, 1.2, and 1.4 and (G) diheme BFisl24,. Spectra were acquired using identical
equiv of added hemin per four-helix bundle. Insets display the acduisition and processing parameters.

f}ﬁgﬂgﬂagﬁ?veatvvﬁﬁtgm versus [neme}/ffour-helix bundle] ratio the changes in the-, 8-, andy-bands of the heme absorption
spectra as a function of redox potential. Figure 7 shows the
resonance line widths observed can arise from paramagnetiadedox titration of monohemedsF.4]> which is fit to a single
relaxation, nonspecific aggregation, or generation of multiple, n = 1 Nernst curve with a midpoint&,75 of —210+ 8
yet slowly, interconverting conformations. Since aggregation mV vs SHE. The equilibrium reduction midpoint potentials
has been ruled out by size exclusion chromatography and aof monoheme BF13A24]2 and [kF13l24]2 were determined to
variety of other analytical techniques, we surmise that be—208 and—191+ 8 mV, respectively. The value 6f208
incorporation of heme is a disorganizing global influence mV for [l¢F13A24)2 is significantly lower than the reduction
on the highly packed apo conformation leading to a multi- potential of monoheme BL13A24]2 (Emzsvalue of—156 mV)
structured holopeptide ensemble. The majority of diheme (19), which differs in sequence by two amino acids per helix,
maquettes are clearly multistructured in solution, but two of positions 6 and 13 are both occupied by leucines in
the peptides, FFisA24]2 and [kFisF24]2, possess one-  [LglisAz4]2, and by an isoleucine and a phenylalanine in
dimensional proton NMR spectra which have some relatively [lsF13A24]2. The observation of a lower reduction midpoint
narrow line-width resonances and slightly greater amide, potential of the heme for JF13A24]2 compared to [kL13A24]2
aromatic, and methyl proton chemical shift dispersion. The (AEn7s0f 52 mV) illustrates the effect that local hydrophobic
NMR spectra of diheme {F13A24)2 and diheme BFi3F24]2 amino acids can have on heme potentials and prompted
suggest a first step toward the quality of spectra necessaryinvestigation of the structural connection between these two
for solution structure determination. While these current related peptides by single step amino acid changes per helix.
designs do not lend themselves to direct solution NMR  The electrochemistry of the sequence space pathway

structural investigation, iterative redesign ofFlsA24]» or variant peptides was also measured to provide insight into
[16F13F24]2 may yield single-structured holoproteins. the 54 mV lower reduction potential of the heme iF[kF24]2
Heme Redox Potentiometry. Monoheme Sfalte elec- compared to [kLisAz4,. Starting from the prototype,

trochemical reduction midpoint potential of a single bound [LgL13A24]2 (Em7.5 of —156 mV vs SHE), incorporation of
heme in each of the peptides was determined by monitoringthe phenylalanine at position 24, dly3F24]2, results in a
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Ficure 7: Redox titration curves of the one-heme bound (top panels) and two-heme (lower panels) loaded sthtesaf[(left) and

[16F13F24]2 (right) monitored by optical spectroscopy at 25. The number of hemes reduced was determined by the change in absorbance

at 426 nm ¢-band maximum) relative to an isosbestic point (417 nm) normalized to either one or two hemes for the titrations. The solid
line represents either a one or a two Nernst equation fit to the experimental data points. Reduction potentials are reported relative to SHE.

slightly lower Eq75 (Em7.50f —168 mV). A consequence of 30
the introduction ofeither second modification per helix,
[leL13F24]2 OF [LeF13F24]2, is the lowering of the reduction
potential to—203 and—204 mV, respectively. These variants
illustrate clearly that the principal drop By, (AEn7.50f ~40

mV) results from conservative hydrophobic amino acid
changes local to the His10 heme binding site. Taken together,
these two examples, £L13F24]2 and [|6L13F24]2 or [L6F13F24]2,
clearly illustrate the modulation of heme electrochemistry
by both long-range (weak) and local (stronger) hydrophobic
amino acid changes. When these modifications are combined
to yield [leF13F24]2, their =35 and—36 mV effects relative  Ficure 8: pH dependency of the reduction potential versus SHE
to [LeL1sF24]> are not additive as the reduction potential of the one-heme bound state otHisAz4, compared with the
remains at—210 mV, only a—42 mV change relative to  Prototype, [leLisAz]o. Each point represents an independent
[LeL13Fodl. potentiometric titration at different pH values. The buffers used

. are given in the text. Fitting of the experimental data points for
pH Dependence of the Monoheme Stdtke reduction  1.F..A,1, to eq 3 in ref 19 yielded K% = 4.1 and Ko =

potential of heme bound to the prototype maquettg, A 242, 6.8, K% = 9.5 and [K,*% = 10.3, values similar to those derived
is pH dependent [the redexBohr effect @5, 36)], showing for [LeL1sA24]2.

an oxidized &, of 4.2 and an reducedKp of 7.0. The
redox—Bohr effect shows a-60 mV/pH unit slope demon-  electrostatic perturbation of the midpoint potential of the first
strating coupling of a single proton to heme reductib®) ( heme reduction site by the second heme reduction site which
We investigated the possibility that an alteration in tig p  allows for determination of the global topology of the two
of the proton acceptor glutamic acid was responsible for the di-o-helical subunits 38). Figure 7 and Table 2 show the
observed 52 mV lower reduction potential ofHisA24]2 equilibrium reduction midpoint potential of dihemeHisF24)2,
compared to [kL13A24]2 by measuring th&, as a function  which clearly demonstrates two equivalent electrochemical
of pH. Figure 8 compares the pH dependency gfiA24]2 events separated by 126 mV due to hetheme electrostatic
and [LsL13A24]2, Which yield identical K, values within the interaction. The diheme dF13F24], data were fit to a pair of
+0.2 pH unit precision of the measurement. Furthermore, Nernst equations with midpoint&gzs) of —150 mV and
cyclic voltammetry of a related peptide on a Langmuir —276 mV (AEy value of 126 mV). Diheme §F13A,4], and
Blodgett monolayer yields similar low potentia&7j. These diheme [kF13l24]2 show similar behavior wittAE,, heme-
data clearly illustrate that the lowety7s values of this heme electrostatic interactions indicative of a syn bundle
peptide series are not due to alteration of the glutamic acid topology (loop regions and hence heme binding sites on the
pK, values. same end of the bundle) in contrast to expectations from the
Determining the Global Topology of the Diheme Maquettes. NMR structure of apdleFi3H24]2, Which has been shown
The electrochemistry of the diheme position 24 variant by fluorescence spectroscopy and protein redesign to be in
peptides, containing two hemes per four-helix bundle, shows an anti global topology26). Either the substitution of the

Reduction Potential (mV)
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histidines with hydrophobic amino acids or incorporation of  Introduction of the heme macrocycle significantly reor-
the heme macrocycles into the hydrophobic core results in ganizes the apopeptide hydrophobic core packing shown in
the observed change in protein subunit topology. The Figure 1. The observed effect of heme incorporation on the
evaluated reduction potentials for the higher potential hemesapomaquettes studied is not surprising given that in native
of the pair in diheme BFi3A24)2, diheme [bFial24]2, and heme proteins the heme macrocycle is critical for global
diheme [kF13F24]2 Were very similar, in the range 6f150 conformational specificity (myoglobin, cytochrorhgs,) (40,

to —160 mV. However, the reduction midpoint potentials 41) or is integral to the folding process (cytochron)€42).

of the lower potential hemes showed greater difference with Within our hierarchical strategy for heme protein design, the
[16F13A24]2 at —262 mV and both BFi3l24]2 and [kFisF24]2 [l6F13F24]2 protein derived from this study represents a
at —288 and—279 mV, respectively. Additionally, thEy, significant advancement in that the apo state of this protein
values for the single heme bound state of these position 24retains the conformational specificity of the parent peptide,
variants reside closer to the average of the fypvalues but with only two high-affinity heme binding sites per
for the diheme peptide. The slightly great®E,, values in bundle. Additionally, the dihemedFisF24]> NMR spectrum
[16F13l24]2 and [kF13F24]2 SUggesSt greater interheme electro- suggests it as a starting sequence for future implementation
static interaction caused perhaps by a more hydrophobicof our iterative redesign protocol.

protein environment (lower dielectric constant) around the  Single conservative hydrophobic amino acid modifications
hemes than evident ingff13A24] Or the prototype [kl 1sA24]2 local to the heme binding site were found to modulate the
(39). heme reduction midpoint potential by up 50 mV,

The global topology of the two heme containing sequence consistent with the recent findings of Springs et al. using
space pathway variant peptides was determined by electro-the first generation library of cytochrontgs, mutants 43).
chemistry. The prototype fL13A24]2 is known to be syn with Furthermore, combinations of single amino acid changes do
a 80 mV heme-heme electrochemical interaction (1) with not have an additive effect on the equilibrium midpoint
a modeled Fe-to-Fe distancess3 A. Incorporation of the  potential. The 35 mV lowerE,;s observed for either
phenylalanine at position 24, {L13F24]2, results in a similar [l6L13F24]2 OF [LeF13F24]2 relative to [LeFiaF24]2 is strikingly
AEqn7svalue AEy7s0f 72 mV), indicating that this peptide  similar to the 36 mV drop in the reduction potential of the
remains in the syn global topology. A clear transformation heme in flavocytochromb, observed upon mutation of L36I
to an anti global topology is demonstrated upon introduction which is in van der Waals contact with the heme periphery
of either second modification per helix, gllhsF24]2> Or (44) and the A67V mutant of cytochromg which has a
[L 6F13F24]2, whose two heme bound reduction potentials are reduction potential lowered by 20 m\A%). Furthermore,
identical to their one heme bound reduction potentials. In the combination of the two helix modifications identified as
contrast, the triple variant,df13F.4]2, resides in a syn global  modulating the heme reduction potential, yieldingr{$F4] 2,
topology with a hemeheme electrostatic interaction of 129 does not lower the reduction potential by 70 mV %235
mV. These data illustrate that single, conservative amino acidmV) but rather by only 42 mV, a value equivalent to either
changes per helix can have dramatic effects on the globalsingle alteration within the error of the measurement.
topology of a de novo designed heme binding fodinelix Additionally, the effects of hydrophobic core modifications
bundle. Additionally, single amino acid changes which each are distance dependent as the effects of amino acid changes
singly drive a syn to anti topological conversion in combina- remote from the heme binding site have significant effects
tion can synergistically yield a syn bundle. on heme propertiesAEr, of ~20 mV between HgrFisFa4)2

and [kFi3l24]2) but smaller when compared to local amino
DISCUSSION acid changesAEn, of ~35 mV between [kL;3F24], and

Using a uniquely structured de novo designed fathrelix [l6L13F24]2 OF [LeF13F24]2).
bundle apomaquette ¢H;3H24]2, we have been able to isolate Possible mechanisms reported in the literature for the
and then investigate the properties of the hemes in the H10lowering of theE, in the one heme bound state include
positions by replacement of the histidines at positions H24 distortion of the porphyrin macrocyclet), changes in
with non-heme ligating amino acids. The heme affinity and peptide secondary structure contefif)( and alterations in
electrochemistry of these variants identified the tight heme local electrostatics4@) such as in charge compensation by
binding sites and the lower redox activity as the H10 sites glutamate residues or increased exposure to solv)t (
in the parent JFsH24.. NMR spectroscopy illustrates that Heme plane distortion would be expected to both lower the
[16F13F24]2 is uniquely structured in the apo state, providing heme midpoint potential and have significant effects on the
a simpler diheme maquette scaffold for future maquette induced CD 83, 50) of the hemes, neither of which correlates
studies. Hemeheme electrostatic splitting of the diheme with each other in the maquettes studied, suggesting that this
peptides AEn75 > 70 mV) demonstrates the syn global is not the active mechanism. The relative equivalence of apo
topology of the two protein subunits. The position 24 variant state helix content and the wide variation in global peptide
proteins demonstrate that hydrophobic residues distant fromstability indicate that changes in peptide secondary structure
the heme binding sites can modulate the heme affinity, content and stability are not the sole causes of the change in
electrochemistry, and porphyrin conformation. Furthermore, E. In electrostatic terms, the pH dependence oEh®&alue
tracing the alteration of the heme affinity and electrochem- of [IsF13A24]2 is virtually identical to [LsL13A24]2, indicating
istry of the prototype, [bL13A24]2, Via a pathway in sequence that changes in thelfy values of acid/base amino acid side
space to [dF13F24]» delineates the single amino acid changes chains involved in charge compensation are not effected by
responsible for the modulation of the bound hemes allowing these hydrophobic core alterations. A most likely source of
for future rational design of heme properties in designed this effect is the extent to which the solvent exposure of the
proteins. heme varies between these maquette scaffolds. Recent work
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by Tezcan et al. or-type cytochromes demonstrates that 24 in both [kF13A24]2 and [LsL13A24]2 resulting in [kFisF24]2

the 50 mV drop in potential may be accounted for by and [LsL13F24]2, respectively, show increased global confor-
exposure of only an additional 42f porphyrin surface mational specificity due to local hydrophobic packing
area b1). Significantly, the lowering of th&,, values in the contacts. Second, the sequence space pathway detailed in
sequence space variants parallels the gain in conformationathis paper shown as follows:

specificity of the apopeptides. This result suggests that tighter

protein—protein interactions in the apo state may result in = [LgliAnl, — [LeLlisFodls
incomplete sequestration of the first heme into the hydro- (multistructured) (approaching a singular structure)
phobic core and further access of water to the heme raising —
the local dielectric and, hence, lowering the reduction
midpoint potential. [l 6L13F2z_l]2 or [LeFisFaal, — _ [16F13F24l2
The presence of hemdeme charge interactions of70 (both single structured)  (uniquely structured)

mYV indicates the syn global topology of the diheme peptides
and demonstrates cofactecofactor interactions within the
hydrophobic cores of [§L13F24]2 and each of the §F13X24]2

mimics the results found for the prototype, as follows:

(X = A, I, F) maquettes §2). The magnitude of the [LobigHodo —

interactions in the syn maquettes (7232 mV) with a (multistructured)

modeled Fe-to-Fe distance sf13 A is slightly larger than [16L15H45 OF [LFi3Ho45 -
the 62-77 mV heme-heme interaction observed in the (two dominant structures) or (uniquely structured)
tetraheme cytochrome subunit of tRhodopseudomonas [l F1sHol,

viridis reaction center with Fe-to-Fe distances of-14 A
(53). Additionally, the maquettAE,, values are significantly
smaller than the 162 mV observed for the split-Soret

(uniquely structured)

L X indicating that hydrophobic packing arrangements derived
cytochrome fromDesulfaibrio desulfuricansACC 27774, from one maquette scaffold may be transferable to other

which has a shorter Fe-to-Fe distandedoA (54). While scaffolds 8). Last, the retention of th&, dependence on
the maquette scaffold is clearly capable of supporting local pH between [kLisAs], and [kFisAzd, illustrates that

elect_rostaticfields in a dielectric medium similar to ar_1atural functional properties may be transferable between related
multiheme cytochrome, thaE, may not be_ solely attribut- maguette scaffolds. If this concept of information transfer
able to hemeheme electrostatic interactions as has been pepyeen maquette scaffolds holds up in continued studies,
suggested for the heme—-/heme A interaction in cyto- i il effectively multiply the results of any one maquette
chromec oxidase 5, 56). The lowering of the second heme study by the number of maquette scaffolds.
reduction potential_ may reflect greater solvent exposure of Following the sequence space pathway betwegin ffs4>
the second heme increasing the appark. and [kFisF24, reveals the precise amino acid changes
Single amino acid changes per helix can alter the global \o5onsible for altering the protein conformational specificity
topology of the two protein subunits as illustrated by the 4q || as the heme affinity and reduction potential as well
sequence space pathway peptldesl. In the diheme :state.whergS the effects of their combinations. This methodology
the global topology can be determined by electrochemistry, noyides more detailed insight into the role of second sphere
[LeL1sF242 exists in a syn global topology, wheread fd2d.  5ming acids§2, 63) in controlling the properties of designed
and [LsFiF242 have an anti global topology and their  heme proteins than the results of combinatorial heme protein
combination, [iF1sF242, is syn. The alteration of the global iy aries @1, 64, 65) perhaps allowing for future rational
topology either by single amino acid changes per helix or gesjgn of heme properties@). The results of fundamental
by cofactor incorporation has precedent in maquettes. Thegy,dies of the consequences of steps in sequence space such
first generation prototype PLisAz> converts from a syn 44 those described in this report may be effectively magnified
to anti global topology when a serine is placed at position . intormation transfer between maquette scaffolds as it may
24, [LeL15524]2 (38), or when two bound hemes B (syn) are  yjjoy for their direct implementation in related scaffolds with

replaced with two hemes A (antipX Additionally, bulky = pregictaple outcomes. Thus, the protein and cofactor binding
flavins covalently linked to interior cysteine residues alter ;i design rules delineated from one maquette may be

the syn-anti equilibrium in a helixloop—helix maquette  yansferable to novel scaffolds with predicable results
scaffold ). Since the energetic differences between syn and e asing the efficiency of our hierarchical approach to heme

anti may be relatively small in maquettes compared to the 4ein design. As such, studies investigating feasibility of
measured global stabilities>(8 kcal/mol), the iterative  girect information transfer in maquettes are underway.
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