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Characterization of a de novo Designed Heme Protein by EPR and

ENDOR Spectroscopy
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Abstract: The binding situation of
heme incorporated into a de novo syn-
thesized protein is investigated with
EPR and ENDOR spectroscopy. The
protein was modeled on the cyto-
chrome b subunit of the cytochrome bc,
complex and contains two bis-histidine
heme binding sites. The EPR spectra
show Fe* low-spin signals with g tensor
principal values of 2.97, 2.27, and 1.51
and a contribution of a highly aniso-
tropic low-spin (HALS) species with a

low-spin EPR spectra were simulated
based on a g strain linewidth-broadening
mechanism. The resulting g tensor prin-
cipal values were used for a ligand-field
analysis. The ligand-field parameters are
typical for bis-histidine ligated hemes
with approximately parallel histidine
planes. The HALS species is character-
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istic of bis-histidine ligation with tilted
or twisted imidazole planes. The occur-
rence of both types of heme in the de
novo synthesized protein is discussed.
The EPR data are supplemented by
pulsed ENDOR studies of this pro-
tein and are compared with those of
metmyoglobin —imidazole and bis-imi-
dazole ferric heme model systems.
ENDOR resonances of nitrogen and
protons of histidine were identified and
used as structural probes for the axial

Zmax Signal at g=3.5. The regular Fe3*

Introduction

De novo design of proteins is a new field that has provided
several strategies to approach synthetic proteins with a variety
of functions including catalysis and electron transfer. Various
de novo synthesized metalloproteins have been obtained with
cofactors like heme,!'-] other metalloporphyrins,® iron—sul-
fur clusters,*® and mononuclear metal sites."'! Synthetic
proteins with heme as the prosthetic group are of particular
interest as a result of the wide range of biological functions
achieved by natural heme proteins, including oxygen trans-
port and storage (hemoglobin, myoglobin), electron transfer
(cytochromes), and catalysis (catalases, peroxidases).['”l The
versatility in function of the heme group arises in particular
from the diversity of axial ligation and other interactions with
the surrounding protein. Here, we focus on properties of
cytochrome b which constitutes the heart of the cyto-
chrome bc; and the cytochrome byf complexes in mitochon-
dria and chloroplasts, respectively.
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ligation of the hemes.

Choma et al.l'l were the first to synthesize a four-helix-
bundle with a single heme. Robertson et al.?! constructed
multi-heme proteins. These systems have been termed
maquettes. The maquettes are formed from an amphiphilic
helix; this is dimerized by a disulfide bridge between
N-terminal cysteines and assembled into a bundle of four
helices with parallel orientation.[! This design concept has
recently been extended by synthesis of peptides forming a
helix—loop—helix structure to allow alternative four-helix-
bundle topologies.!'¥] The assembly of the amphiphilic helices
is driven to a great extent by the formation of a hydrophobic
core of the bundle. However, the association of single helices
or helix —turn —helix peptides includes several possibilities of
the interfacial packing!'¥l which are difficult to predict. The
modular design strategy of a template-assembled synthetic
protein (TASP) introduced by Mutter et al.l'’! solves this
protein-folding problem. It provides flexibility in protein
design with respect to position and orientation of the helices
by their coupling to a cyclic decapeptide template. The
modular synthesis of a TASP has been combined with the
incorporation of redox-active cofactors to build a four-helix-
bundle protein accomodating two bis-histidine ligated heme
groups.l'® 17l By following the structure of cytochrome b!'8 1]
we have attached to the template two parallel heme binding
helices with two alternating antiparallel helices, which shield
the two hydrophobic heme binding sites from the hydrophilic
exterior. This synthetic heme protein assembled from purified
polypeptide building blocks is termed MOP for modular
protein.
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In this contribution we determine the properties of the
heme groups in the synthetic protein, investigate the type of
the axial ligands, their distance from the metal center, and the
orientation relative to each other. This detailed analysis is
performed by EPR and ENDOR spectroscopy with the
oxidized heme as a paramagnetic probe.

The Fe’* central ion of the heme can adopt two spin
states:[* a high-spin state (S = %) with an axial g tensor (g, =2
and g, = 6) and a low-spin state (S=1Y) with a rhombic g
tensor. The principal g values for the S=1 state depend
critically on the type and arrangement of the axial ligands of
the heme. The detection of the spin state in the EPR spectrum
and the evaluation of the g tensor values in terms of a ligand-
field analysis®! is the basis for investigating the coordination
sphere of the heme group in the protein.

EPR spectroscopy has been used!" 2> 2] to characterize the
heme incorporation in maquettes. Here we extend this
approach and additionally use ENDOR spectroscopy to study
the heme and its binding site in the de novo synthesized
protein. ENDOR reveals the hyperfine interactions of pro-
tons and N nuclei in the environment of the Fe3* of the heme
group.” The ENDOR measurements on the de novo
synthesized protein will be compared with those of the
natural heme protein derivative, metmyoglobin with an
additional imidazole ligand (MbIm), and the model complex
bis-imidazole ferric heme (PPIX(Fe)Im,).

Results and Discussion

Design concept: The design of both four-helix-bundle pro-
teins, maquettel? and MOP,'l is based on the stabilization of

Abstract in German: Die Bindungssituation des in ein de novo
synthetisiertes Protein eingebauten Hdams wird mit EPR- und
ENDOR-Spektroskopie untersucht. Das de novo synthetisierte
Protein wurde auf der Basis der Cytochrom b-Untereinheit des
bc, Komplexes modelliert und enthdlt zwei Bis(histidin)-
Bindungstaschen. Die EPR Spektren des Proteins zeigen
Low-spin-Signale des Fe’* mit g-Tensorhauptwerten von 2.97,
2.27 und 1.51 und eine stark anisotrope Low-spin-Spezies
(HALS) mit einem Signal bei g,,,.=3.5. Die normalen Low-
spin-EPR-Spektren wurden mit einem g-strain-Mechanismus
zur Linienverbreiterung simuliert. Die hieraus resultierenden
g-Tensorhauptwerte bilden die Grundlage fiir eine Liganden-
feldanalyse. Die erhaltenen Ligandenfeldparameter sind ty-
pisch fiir durch zwei Histidine gebundenes Hdimin mit
anndihernd parallelen Histidinebenen. Die HALS-Spezies ist
dagegen charakteristisch fiir eine Bindung mit verdrehten oder
verkippten Histidinebenen. Das Auftreten beider Spezies im de
novo synthetisierten Protein wird diskutiert. Die EPR-Daten
werden durch Puls-ENDOR-Studien an diesem Protein er-
ganzt, welche mit denen von Modellsystemen, Metmyoglobin—
Imidazol und Himin— Bis(imidazol), verglichen werden. EN-
DOR-Resonanzen von Stickstoff und Protonen des Histidins
wurden identifiziert und als strukturelle Sonden fiir die axiale
Bindung der Himine eingesetzt.
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the molecule by the assembly of the amphiphilic helices,
which form a hydrophobic interior, and by the ligation of each
heme group with two histidines. The helices are additionally
stabilized by salt bridges. This is achieved by glutamate and
lysine being held apart by four residues. The concept of
assembly and topology of the maquette and the MOP is,
however, significantly different. The dimerization of the
single helices through the N-terminal cysteines after oxidation
by air and the self-assembly of these dimers to the maquette
are accomplished within a short time. In contrast, the syn-
thesis of the MOP includes many additional steps of
purification, chemical modification, and selective ligation to
the template. Figure 1 shows a schematic drawing of the MOP.
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Figure 1. Schematic representation of the modular protein (MOP). The
design concept is based on the modular strategy of a template-assembled
synthetic protein.'’l The fixation of helices (shown as columns) on a
template allows control of antiparallel orientation and the desired
arrangement of helices. The MOP shown here contains two different
helices (H1 and H2) and two heme binding sites. The two hemes are
indicated by squares (for details see text).

It includes essential features of the heme-binding core formed
by the four transmembrane helices A, B, C, and D of the
cytochrome b subunit in the cytochrome bc,; complex.[* 24
The residues in the center of the four transmembrane helices
and in particular those presumably in contact with the heme
groups were conserved in the design. The other residues
oriented towards the exterior of the bundle were changed to
hydrophilic and helix-stabilizing residues.['> 11 The amino acid
sequences of the helical peptides H1 and H2 with a
bromoacetyl group at the N-terminus (H1) and at the e-
amino group of the C-terminal lysine (H2) are:

Br-H1: BrAc-GGELRELHEKLAKQFEQLVKLHEERAKKL-NH,
Br-H2: AccLEELWKKGEELAKKLQEALEKGKKLAK(AcBr)-NH,

The template cyclo(CACPGCACPG) and the complete MOP
with the helices H1 and H2 bound by thioether linkages to the
cysteine residues of the cyclic decapeptide template are
depicted in Figure 1.

Helix H1 contains two histidines separated by 13 residues as
found in the heme-binding helices B and D of the natural
protein. Furthermore, a phenylalanine is introduced in the
center of helix H1 as found in helix B of cytochrome b. The
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termini of the helices have been blocked either by acetyl or
amide to reduce the helix dipole for additional stabilization.
The arginines spaced by three residues from the heme-ligating
histidines should compensate for the negative charges of the
propionate groups of the heme. Helix H2 is bound to the
template in antiparallel orientation to helix H1. Helix H2 was
modeled after the natural helices A and C, and contains two
conserved glycines which are positioned at the same height as
the two histidines in H1 and a conserved tryptophan. The
linkage of the helices to the template and the branched
structure of the MOP favors the formation of the helix bundle
by a small change in entropy between the unfolded and folded
state compared with the assembly of independent substruc-
tures.

The design of the MOP!"l is essentially different from that
of the maquette.”) The latter is a homotetramer of a single
helix with four hemes and has four charged N- and C-termini,
while the MOP is synthesized from two different helices with
blocked termini in parallel orientation and binds two hemes.
An advantage of the modular synthesis of the MOP is the
possibility of controlling the orientation and position of the
helices bound to the template. However, the fixation on the
peptide template may restrict the freedom in the geometric
arrangement of the helices. As recently shown,?"! this problem
may be avoided by suitable linkers.

EPR spectroscopy: The EPR spectra of MOP and MblIm are
shown in Figure 2. The signals at g values of 3.0, 2.3, and 1.5
are characteristic for low-spin Fe3*. The spectrum of the MOP

g 6 43 35 3
1 1 1L 1 1 1
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Figure 2. X-band EPR spectra of MOP (A) and MbIm (B). The
simulations of the Fe3* low-spin spectra are shown as dotted lines. The
extracted g values are collected in Table 1. Experimental conditions: 7=
20 K, 9.44 GHz microwave frequency, S mW microwave power, 100 kHz
modulation frequency, 1 mT modulation amplitude, 15 min total recording
time for each spectrum. The simulation is based on a special case in the g
strain theory of Hagen et al.,’*®! where the g tensor principal values are
treated as statistical variables. The linewidth is determined by the standard
deviations o, 0, 05 of the g tensor values. For the MOP we obtained o, =
0.07, 0,=0.03, 0;=0.08, and correlation coefficients r,=—0.95, ry;=
—0.95, and r3=0.95. For Mblm ¢,=0.05, 0,=0.02, 0;=0.04, and r,=
—0.95, r;3=—0.95, r;3=0.95. For the respective g values see Table 1.
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shows an additional shoulder at g=3.5. The signal at g=6is
diagnostic for the g, component of high-spin Fe**,?% the
respective g, =2 signal is superimposed on other signals at g =
2. The very small signal at g = 4.3, assigned to rhombic Fe** ?7]
and the signal at g =2 can be attributed to a small amount of
paramagnetic impurities in the buffer.

The EPR spectrum of the MOP in Figure 2A indicates
predominance of low-spin and only a little high-spin heme.
The detection of the low-spin state provides clear evidence for
a specific heme incorporation through strong axial coordina-
tion by two histidine ligands. The high-spin state occurs when
only weak axial ligands are provided as in samples of free
heme in aqueous solution,” or when only one histidine
ligand is bound to heme as in aqueous metmyoglobin.?’
If a second imidazole ligand is added to metmyoglobin,
imidazole is bound to the distal site of the heme as a
sixth ligand®! and a conversion to the low-spin state
occurs,P! as can be seen in the EPR spectrum of MbIm in
Figure 2B. For a quantitative comparison of the spin states
in the EPR spectrum of the MOP it should be noted
that the signal of high-spin (S=%) heme at g, =6 tends
to dominate the EPR spectrum as a result of the large
transition moment even when the concentration of high-spin
Fe** is considerably lower than that of low-spin Fe’* (S=
14).121 An estimation based on the simulation of the spectra
yields a ratio of about 1:100 for the ratio of the high- to low-
spin heme form in the MOP, without accounting for the
shoulder at g~3.5. Thus, the amount of high-spin heme is
almost negligible.

In the following we will inspect the low-spin Fe3* EPR
spectra of the MOP with MbIm as reference to extract further
details of the heme binding situation. The linewidths of the
MOP and MbIm are in the order of several 100 MHz, thereby
ruling out relaxation, protein dynamics, or unresolved hyper-
fine splittings as origin of the line broadening. It has been
shownP 34 that the dominant line-broadening mechanism in
EPR spectra of low-spin heme proteins is g strain. This is
caused by structural microheterogeneities in the environment
of the paramagnetic center.*’l We simulated the spectra of the
Fe’* low-spin species in Figure 2 based on the g strain line-
broadening model of Hagen et al.?®l The parameters for the
simulations shown in Figure 2 are given in the figure caption.
The linewidth of the low-spin EPR spectrum of the MOP is
larger than that of the MbIm. This increased linewidth is
interpreted as a larger g strain; this indicates a higher degree
of microheterogeneity in the MOP. The principal g tensor
values obtained from the simulation are given in Table 1. In a
maquette with four hemes a similar EPR spectrum of a low-
spin Fe** species was found with g tensor values g, =2.89,
g =224, and g;=1.54.21

In natural heme proteins with bis-histidine binding pockets
g tensor values comparable to those found in the de novo
synthesized heme proteins were observed. For example,
cytochrome bs shows g tensor values of 3.03, 2.24, and
1.46.°7 In this protein the histidine planes are oriented
parallel to each other.*®! A correlation between the orienta-
tion of the histidine ligand planes and the g tensor values was
established on the basis of ligand-field theory.? The meas-
ured g tensor values collected in Table 1 suggest that the
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Table 1. EPR data for the MOP and MbIm.

MOP MbIm
g 2.97 (£0.01) 2.96 (+0.01)
Pa 227 (£0.01) 226 (£0.01)
PR 1.51 (£0.02) 1.51 (£0.02)
Vi) 1.84 (£0.03) 1.85 (+£0.03)
AZ 330 (£0.13) 332 (£0.13)
VIA 0.56 (+0.02) 0.56 (+0.02)

[a] The error in the g tensor values was calculated based on an accuracy of
1 mT for the magnetic field (5 mT for g;) and 10 MHz for the microwave
frequency. The g tensor values obtained from the frozen powder spectrum
of MbIm are somewhat different from those found in single crystals of
MbIm for which g,=2.91, g,=226, and g,=1.53 were measured.’!!
[b] The ligand-field parameters of MbIm and MOP were obtained from
a ligand-field analysis of the g tensor principal values.?!l The rhombic
splitting V and the tetragonal splitting A were determined in units of the
spin-orbit coupling constant A.

histidine planes in our de novo synthesized protein are also
oriented parallel to each other.

In the following we will perform a ligand-field analysis of
the g tensor values summarized in Table 1 to obtain more
detailed information on the electronic structure and the
coordination geometry in our de novo synthesized protein.
For low-spin Fe3* complexes this analysis yields the relative
energies of the three lowest occupied d orbitals depicted in
Figure 3.2 The difference between the ligand-field strengths

dyy—4H

Figure 3. Left: Splitting of the three lowest occupied d orbitals in low-spin
Fe’* complexes: d,, is separated from d,, and d,, by the tetragonal splitting
parameter A, and d,, and d,, are separated by the rhombic splitting
parameter V. Right: Schematic picture showing the orientation of the
partially filled dy, orbital of the iron, the porphyrin plane and the 2
imidazole ligands for a centrosymmetric bis-imidazole ferric porphyrin
system. In this idealized complex g, is perpendicular to the porphyrin plane,
gy and g, lie in the porphyrin plane. Both imidazole planes eclipse the Fe—N
bonds of the porphyrin in the g, direction.

of the axial ligands and the porphyrin ligand causes the d,,
orbital, lying in the porphyrin plane, to be separated from the
orbitals d,, and d,, by the tetragonal splitting A. The d,, and
the d,, orbital are also energetically different (rhombic
splitting V). Taylor’s method of ligand-field analysis®?! yields
a simple relation between the g tensor values and the ligand-
field parameters V and A in units of the spin—orbit coupling
constant 4; see Equations (1) and (2).
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We assigned the g tensor values g, g,, and g; obtained from
the simulations of the EPR spectra in Figure 2to g,, g,, and g,,
respectively. This assignment is based on single-crystal EPR
measurements of other low-spin heme proteinsP: 4! and
model compounds.[*'l These measurements showed unambig-
uously that the principal axis for the largest g value assigned to
g, is approximately parallel to the heme normal. However,
discrepancies exist for low-spin metmyoglobin derivatives in
the reported directions for g, (assigned to the smallest g value)
and g,.“>%l In the following discussion we adapted a
schematic representation (see Figure 3) of a centrosymmetric
bis-imidazole ferric porphyrin system with the orientation of
the g tensor axis from Soltis and Strouse! and Quinn et al.[*!

The results of the ligand-field analysis are summarized in
Table 1. We determined the tetragonality A/A, the rhombicity
VIA, and the relative rhombic splitting V/A for MOP and
MbIm. The values obtained for the MOP and Mblm are very
similar. The tetragonality A/A is a measure of the axial ligand
donor strength. The rhombicity V/A describes the geometric
distortion of the complex. According to the work of Peisach
et al.?® the values A/A and V/A determined for MOP and
MblIm are typical for bis-histidine ligated hemes. The rhombic
splitting V' gives further indication on the relative orientation
of the histidine planes. The rhombic splitting V is mainly
caused by a 7 ligand-to-metal bonding interaction of an axial
ligand orbital with the iron d,, orbital, which raises the energy
of d,. The interaction is schematically depicted in Figure 3
(right). Alternatively, & metal-to-ligand back-bonding could
lower the energy of the d,, orbital. This second possibility is
favored in the work of Scholes et al.,*! but would require an
exchange of the directions of the g, and g, axes in Figure 3.
Regardless of which interaction dominates, the rhombic
splitting V is very sensitive to changes in the geometrical
arrangement of the axial ligands. For a parallel orientation of
the histidine planes the rhombic splitting V' should reach a
maximum value of 24.%°] The large value of V/1 obtained for
the MOP and MbIm shows an almost perfect parallel
orientation of the histidine planes in these compounds. When
the two histidine planes approach a perpendicular orientation,
the net effect of the different interactions of the m system of
the axial histidines with the d,, and d,, orbitals cancels!*! and
V becomes smaller.

For small V, ligand-field analysis yields g, values as high as
3.8.3% 47 Ferric protohemin model complexes with sterically
hindered imidazole derivatives actually yield EPR spectra
with pronounced signals at g, considerably larger than g=
3.0 and a broad tail, which extends below g ~ 1.0.13> 3- 48] These
compounds are often termed HALS (highly anisotropic low-
spin) systems.*® ¥1 We suggest that the shoulder in the EPR
spectrum of the MOP at g=3.5 (Figure 3) is a result of a
contribution of a HALS species with twisted or tilted histidine
planes. The shoulder at g=3.5 is thus assigned to the g..
signal of the HALS species. EPR spectra of HALS systems
typically extend over a large field range, and the other g tensor
components are difficult to detect. In the EPR spectrum of the
MOP they are probably obscured by the signals from the
regular Fe3* low-spin species. We presume that the relative
amount of the HALS system compared with the other Fe3*
low-spin species is rather large, since the EPR intensity of the
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HALS is spread out over a wide field range. Mdossbauer
studies of a MOP sample with >’Fe enriched hemes lead to the
conclusion that the HALS system with twisted or tilted
histidine planes might contribute to about 50% of the
sample.P" In the EPR spectrum of a maquette containing
four heme groups® a shoulder at g~ 3.5 is also visible. It
should be noted that the EPR spectra of the natural heme
protein (cytochrome b) also show signals typical for HALS
systems from the two b-type heme groups. The g... value is
3.78 for the low-potential and 3.45 for the high-potential
heme.*”3U In the structure of cytochrome b in the cyto-
chrome bc, complex the heme-ligating histidines appear to
be oriented perpendicular to each other at the low-potential
heme and rather tilted at the high-potential heme.

For our MOP two different midpoint potentials have been
determined by redox titrations (— 106 and — 170 mV).l'"] This
was recently supported by electrochemical measurements of
the MOP coupled to a gold surface.® The higher redox
potential was found for the heme group next to the
template.® It is tempting to speculate that in the MOP the
two different redox potentials and EPR spectroscopic proper-
ties might be correlated. However, on the basis of our present
EPR data it is impossible to assign the two different species
(HALS and regular low-spin Fe*") specifically to the two
heme binding pockets of the MOP.

ENDOR spectroscopy: To obtain more detailed information
on the binding situation of the hemes in the MOP we have
applied ENDOR spectroscopy (for reviews see e.g. Hoffman
et al.;’¥ and Hiittermann!). In ENDOR spectra of proteins
with histidine ligated heme resonances of N and 'H nuclei
can be observed,™! which appear in different spectral ranges
because of the large difference in the magnetic moments. “N
and 'H nuclei are both part of the heme cofactor and the axial
histidine ligands. Here our main interest is the identification
of the ENDOR resonances of the axial histidine ligands to
characterize the heme incorporation in the de novo synthe-
sized protein.

Scholes et al.®] have shown that the N ENDOR reso-
nances of the ligated imidazoles are superimposed on those of
the heme moiety. These authors were able to identify by "N
labeling only one peak from the imidazole ligand in N cw-
ENDOR of MbIm. We also observed this imidazole “N peak
in our ENDOR spectra of MbIm and MOP (data not shown),
thus corroborating the binding of the heme by histidine in the
MOP. No further information on the axial coordination of the
heme was obtained as a result of problems of spectral
resolution in the N ENDOR range. In the following we will
therefore focus on 'H ENDOR, in particular on the reso-
nances of the ring protons of the axial histidine ligands.

To assign the 'H ENDOR resonances in the MOP we
compare the pulsed ENDOR spectra obtained with those of
heme model complexes. For this purpose we chose bis-
imidazole ferric heme (PPIX(Fe)lm,) and Mblm. Further-
more, the pulsed ENDOR spectra in this work will be related
to cw-ENDOR spectra of bis-imidazole ferric tetraphenyl-
porphyrin (TPP(Fe)Im,),”®! for which a detailed analysis is
available.

Chem. Eur. J. 1999, 5, No. 8
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The ENDOR spectra of the model complex PPIX(Fe)Im,
recorded at g, =2.3 prepared with protonated and deuterated
imidazole are shown in Figure 4A and 4B, respectively. The
'"H ENDOR resonances with splittings larger than 2 MHz,
labeled a/a’, b/b’, and c/c’ in the spectrum with protonated
imidazole (Figure 4A), are absent in the spectrum with
deuterated imidazole (Figure 4B). Thus, these resonances
can safely be assigned to the imidazole protons. The hyperfine
(hf) splittings are 2.6 MHz (a/a’), 3.2 MHz (b/b"), and 5.2 MHz
(c/c).13
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Figure 4. Pulsed ENDOR spectra of PPIX(Fe)Im, with protonated (A)
and deuterated (B) imidazole, MbIm (C), and MOP (D). The shaded areas
in the spectra indicate the lines assigned to the imidazole protons H2 and
HS. The number of scans for the ENDOR spectra are 25 (A), 40 (B), 800
(C), and 400 (D). The spectra of PPIX(Fe)Im, were obtained at g=2.27,
close to the g, field position. The Larmor frequency of the protons is vy; =
12.98 MHz. The spectra of MbIm (C) and MOP (D) were obtained at g=
2.28, close to the g, field position; v;; =12.94 MHz. Within experimental
error the peaks (a/a’, b/b’, c/c’) are symmetrically displaced around vy. The
obtained hf splittings are a/a": 2.6 MHz (PPIX(Fe)Im,), 2.5 MHz (MbIm),
2.4 MHz (MOP), b/b: 3.2 MHz (PPIX(Fe)Im,), 3.2 MHz (Mblm), 3.2 MHz
(MOP), c¢/c’: 5.2 MHz (PPIX(Fe)Im,), 5.0 MHz (MbIm), 5.3 MHz (MOP).
Experimental errors are +£0.1 MHz (C) and +0.2 MHz (A, B, D). The low
signal-to-noise ratio in spectrum (D) is caused by the significantly smaller
concentration of the MOP sample.

X-ray structures of heme model complexesP® ! show that
the heme meso protons are localized at a distance of 4.5 A, the
imidazole protons H3 and H4 at 5.2 A, and the imidazole
protons H2 and H5 at 3.2 A from the Fe’* (see Figure 5).1%0)
The largest dipolar interaction is expected for the latter two
protons. Therefore, the lines a/a’, b/b’, and c/c’ can be assigned
to H2 and HS. The small hf splittings (<2 MHz) are assigned
to the heme moiety and to H3 and H4 of the imidazole®! and
will not be further discussed here. Scholes et al.*l were able to
assign the 'H ENDOR resonances to specific protons on the
imidazole ligands by using selectively deuterated imidazole
with TPP(Fe)Im,. We have recorded pulsed ENDOR spectra
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Figure 5. Schematic picture of imidazole (R=H,) or histidine (R=
CH,—peptide) coordinated to heme.

of PPIX(Fe)Im, at the same field position (g=2.48) as in
ref. [45] and obtained virtually identical hf splittings. Based on
this comparison we assign the 'H ENDOR resonances a/a’
and c/c’ to the imidazole proton HS5 and the ENDOR
resonances b/b’ to H2. A second line pair for H2 is missing
in the ENDOR spectra.

In Figure 4C the '"H ENDOR spectrum of MbIm recorded
at g,= 2.3 is shown. In this spectrum, the ENDOR intensities
are nonsymmetric with respect to the proton Larmor fre-
quency, and a smaller linewidth and a better resolution than
for PPIX(Fe)Im, are obtained. The pronounced lines belong-
ing to hf splittings larger than 2 MHz labeled a/a’, b/b’, and c/c’
are typical for the protons H2 and H5 of axial imidazole
ligands as discussed above. The hf splittings are 2.5 MHz (a/
a’), 3.2 MHz (b,b’), and 5.0 MHz (c/c’). For MbIm prepared
with deuterated imidazole the intensity of the ENDOR peaks
labeled a/a’, b/b’ and c/c’ decreases whereas the peak positions
remain unchanged (data not shown). The remaining lines a/a’,
b/b’, c/c’ must belong to the proximal histidine of myoglobin.
This shows that this histidine and the added imidazole ligand
have the same hyperfine couplings within experimental error
and thus a very similar coordination geometry.

In Figure 4D the ENDOR spectrum of the MOP recorded
at g, = 2.3 is shown. This spectrum is almost identical to that of
MblIm in Figure 4C. However, in the EPR spectrum of the
MOP a considerable contribution of a HALS species was
detected in contrast to MbIm. Obviously, no ENDOR
response is obtained from the HALS species, probably as a
result of a different relaxation behavior of the HALS and
regular low-spin Fe’* species. In the spectral region with
splittings larger than 2 MHz two line pairs labeled a/a’ and b/b’
were observed. Unfortunately, the low signal-to-noise ratio
did not allow a clear detection of the expected line pair c/c’.
The hf splittings are 2.4 MHz (a/a’) and 3.2 MHz (b/b’).
Within experimental error the hf splittings corresponding to
the imidazole protons H2 and H5 of PPIX(Fe)Im,, MbIm,
and MOP are identical. The identification of the ENDOR
resonances of these protons in the de novo synthesized
protein confirms the binding of the low-spin heme by axial
histidine residues. The detection of both protons, H2 (b/b’)
and H5 (a/a’), further indicates that the heme is coordinated
by the N(&?) atom of the histidine ligand (the two nitrogen
atoms of the histidine side chain are labeled 0! and &* with &
coordinated to the heme ironl"). If the ligation were through
the N(d') atom of the histidine one would expect hf splittings
larger than 2 MHz from only one neighboring proton (H2)
(see Figure 5).

The protons H5 and H2 show different hf splittings (a/a’ and
b/b’, respectively) in all investigated systems. This could be a
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result of a difference in the dipolar or the isotropic hyperfine
coupling. For a symmetric binding situation as depicted in
Figure 5 (r, =rs) the same dipolar interaction for protons H2
and H5 is expected. X-ray structures of model systems[*- 4+ 581
show almost identical distances between the iron and H2, and
the iron and HS. The clear difference in the respective
hyperfine splittings can, therefore, only be explained as a
difference in the isotropic hyperfine coupling. Indeed, NMR
measurements on low-spin heme proteins and model com-
pounds yielded considerable larger contact shifts for H2 than
for H5.°-%% [t can be assumed that for the systems studied in
this paper (PPIX(Fe)Im,, MbIm, MOP) with imidazole or
histidine ligation a similar situation is present.

In MblIm the histidine ligation is known to be symmetric;
distances from the iron to H2 and to HS lie in the range of
3.2-3.3 A. The spectrum of our MOP is very similar with
respect to line position, relative intensities, and linewidths to
that of MbIm. We therefore conclude that the two histidines
in the MOP are bound to the Fe3* in a very similar way with an
Fe—N(¢?) distance of approximately 2.0 A as found for the
histidine in myoglobin.B!

Conclusion

In this work we investigated a de novo synthesized protein
(MOP) by EPR and ENDOR techniques with the incorpo-
rated heme as paramagnetic probe. Comparison with a
natural heme protein derivative, metmyoglobin—imidazole
(MbIm), showed that the EPR spectra of both proteins are
dominated by low-spin Fe3* signals. A ligand-field analysis of
the corresponding g tensor values demonstrated that this state
is caused by strong ligation of two histidine residues with
approximately parallel planes. A linewidth analysis indicated
a somewhat higher structural disorder in case of the MOP,
which may be caused by the fixation of the helical peptide
chains on a template. ENDOR spectroscopy on MOP and
MbIm was used to identify protons and the coordinating
nitrogen from the axially bound histidine and imidazole
ligands. Comparison with earlier model studies*! clearly
showed that the coordination geometry is very similar in both
systems. The distance between the Fe’* and N(&?)(Im) is
approximately 2.0 A and the ligands are symmetrically bound.
In the EPR spectra of the MOP a significant amount of an
additional species (HALS) was detected. Independent Moss-
bauer experimentsi® showed that this species is present to
about 50%. The HALS species is characteristic for axial
ligation of the heme with tilted and/or twisted histidine planes.
It has been postulated® that such a ligand environment
influences the redox potential of the heme and thereby the
functional properties of the protein. Different redox poten-
tials for the two hemes in our MOP have been observed.['” 33!
This might suggest that the MOP contains two hemes with
different histidine coordination geometries. The EPR/EN-
DOR work presented here paved the way for studies of other
de novo synthesized heme proteins with less (one) or more
(four) hemes, different amino acid compositions, different
templates or helix linkages, and also with other cofactors. A
correlation of the structural details obtained by EPR and
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ENDOR spectroscopy with functional properties (e.g. redox
potentials) is in progress. These studies should lead to an
improved understanding and a better design of the de novo
synthesized systems, such as those for electron transfer
processes.

Experimental Section

Sample preparation: The synthesis of the MOP has been described.[' 7]
The incorporation of the two heme groups was basically performed as
described by Choma et al.l'l except that a twofold excess of heme over the
heme-binding sites was added in DMSO at once to give a maximum final
concentration of 0.1mwm in 50mMm Tris/HCI (pH 8.0). The solution was
stirred at room temperature for 30 min, then the unbound heme was
removed by passing 1.5 mL aliquots through a Pharmacia HiTrap desalting
column equilibrated with 50 mM potassium phosphate buffer (pH 7.0). The
eluents containing the heme peptide were collected, desalted by a passage
through a Pharmacia PD10 column and lyophilized. The lyophilized MOP
sample was dissolved in 25mMm potassium phosphate buffer (pH 7.0) to
reach a concentration of 730um (1460 um heme). The stoichiometry of
heme groups per protein molecule was determined as described in ref. [17].
The metmyoglobin—imidazole sample was obtained by adding a 250-fold
excess of imidazole to a 4mwm solution of metmyoglobin. The solvent was a
2:3 mixture of glycerol and 100 mm sodium phosphate buffer (pH 7.5).
ENDOR samples containing bis-imidazole ferric heme with unlabeled and
deuterated [D,]imidazole were prepared by dissolving 16 mg (24.5 umol)
heme and 29 mg (426 pmol) imidazole or 28 mg (388 pumol) [D,]imidazole,
respectively, in 500 pL CHCI;. The concentration of the bis-imidazole ferric
heme complex was 49mm with an eightfold excess of imidazole.

EPR and ENDOR measurements: X-band cw EPR spectra were recorded
on a Bruker ESP 300 E spectrometer with a Bruker TE,, cavity equipped
with a Oxford Instruments E9 helium cryostat. A temperature of about
20 K yielding optimal signal intensities was used for all EPR spectra. The
microwave frequency 9.44 GHz was measured with a Hewlett Packard
5352B microwave frequency counter. The magnetic field was determined
by means of a Bruker ER 035 gaussmeter. EPR spectra of a DPPH
standard sample (g=2.0037(2)1%")) showed that the magnetic field values
are accurate within 0.1 mT at the corresponding field position of 336.6 mT.

X-band pulsed ENDOR measurements were performed on a Bruker 380E
spectrometer equipped with a ESP360D-P pulsed ENDOR accessory and a
Oxford Instruments CF 935 helium cryostat. The temperature for all pulsed
ENDOR measurements was 5 K. The radio frequency was amplified by an
ENI A 500 power amplifier. ENDOR spectra were recorded by means of a
Davies pulsed ENDOR sequence.l’ The microwave 7 pulses were 112 ns
and the microwave 71/2 pulse was 56 ns long. The radiofrequency 7 pulse
was 8 us long and started 1 ps after the first microwave 7 pulse. The second
microwave 7 pulse followed 3 ps after the end of the radiofrequency pulse.
The time 7 between the pulses of the detection Hahn-echo sequence was
256 ns.
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