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Abstract

Heme c is characterized by its covalent attachment to a polypeptide. The attachment is typically to a CXXCH motif in
which the two Cys form thioether bonds with the heme, “X” can be any amino acid other than Cys, and the His serves as a
heme axial ligand. Some cytochromes c, however, contain heme attachment motifs with three or four intervening residues
in a CX;CH or CX,CH motif. Here, the impacts of these variations in the heme attachment motif on heme ruffling and
electronic structure are investigated by spectroscopically characterizing CX,CH and CX,CH variants of Hydrogenobacter
thermophilus cytochrome css,. In addition, a novel CXCH variant is studied. 'H and '3C NMR, EPR, and resonance Raman
spectra of the protein variants are analyzed to deduce the extent of ruffling using previously reported relationships between
these spectral data and heme ruffling. In addition, the reduction potentials of these protein variants are measured using
protein film voltammetry. The CXCH and CX,CH variants are found to have enhanced heme ruffling and lower reduction
potentials. Implications of these results for the use of these noncanonical motifs in nature, and for the engineering of novel
heme peptide structures, are discussed.
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Introduction

Heme c is a cofactor that is widely distributed in nature [1].
Most frequently, its function is electron transfer, but heme ¢
also serves as the active site of enzymes such as cytochrome
(cyt) ¢ nitrite reductase [2], bacterial peroxidases [3, 4], and
MauG, which plays a role in tryptophan tryptophylquinone
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biogenesis [5]. In addition, mitochondrial cyt ¢ performs
both electron transfer in respiration and peroxide-mediated
lipid oxidation in apoptosis [6].

Heme c is formed by the covalent attachment of iron pro-
toporphyrin IX (heme b) to two Cys residues in the polypep-
tide in a process assisted by maturation factors. Nature has
evolved a number of different pathways for this process, sug-
gesting that heme c is required by most organisms [7-11].
The mechanism of heme ¢ biosynthesis and the functional
relevance of heme ¢ covalent attachment have attracted con-
siderable attention [10, 12—15]. One consequence of heme
covalent attachment is the enhancement of heme ruffling,
which is the out-of-plane distortion in which the heme pyr-
roles twist in alternating directions moving around the por-
phyrin (Fig. 1) [16, 17]. In cyts ¢ and other heme proteins,
heme ruffling is proposed to modulate reduction potential,
with increased ruffling lowering potential [18-21]. Fur-
thermore, variations in ruffling are proposed to impact the
electronic coupling to redox partners, with increased ruf-
fling decreasing coupling to donors or acceptors at the heme
edge [22-25]. The structure of the heme attachment peptide,
which is usually comprised of a CXXCH sequence, has been
identified as a key determinant of ruffling [17, 19, 26, 27].
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Fig. 1 Ruffled heme shown from two angles: a looking down the Fe—
N(pyrrole) bond, b centered on a bridging meso carbon. The Fe por-
phyrin model has a ruffling distortion of 1.0 A. The structures were
generated using Cartesian coordinates of a symmetric, planar iron
porphyrin with typical bond lengths and angles. An idealized 1.0-A
ruffling distortion was applied using a quantitative description of the
ruffling normal mode previously described, where the square root
of the sum of the out-of-plane displacements of the core porphyrin
atoms is equal to 1.0 A [16]. Reprinted with permission from Klein-
gardner and Bren [15], Copyright 2015 American Chemical Society

Fig.2 Heme attached to a CXXCH heme attachment motif peptide
from the structure of Hf cyt css, [28] with the backbone of the peptide
highlighted. Hydrogen bonds are shown between the backbone car-
bonyl of Cys12 and the backbone amide of Cys15, as well as between
the backbone carbonyl of Cys12 and the backbone amide of His16.
These hydrogen bonds are proposed to stabilize the ruffled heme con-
formation that is largely conserved in hemes ¢ [19]

Figure 2 highlights the backbone of the CXXCH motif, the
structure of which has been implicated in stabilizing ruffled
heme [19].

A small number of cyts ¢ have more than two residues
between the two Cys that are attached to heme. In the
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tetraheme cyts c;, two hemes are attached to canonical
CXXCH motifs, while two are attached to CX,CH motifs.
In structural studies, the hemes with the extended attachment
motifs were found to be more ruffled than those bound to the
canonical motifs, and the heme attachment motif has been
implicated in these variations of ruffling [27, 29-31]. These
reports inspired this study in which we investigate the influ-
ence of the length of the heme ¢ attachment motif on heme
ruffling, electronic structure, and reduction potential. As a
model system, we make use of Hydrogenobacter thermophi-
lus (Ht) cyt cs5,, a small, monoheme, thermostable bacterial
cyt ¢ with His/Met axial ligation. Ht cyt css, iS a convenient
model system for this study, because it is structurally char-
acterized [28, 32] and has proven amenable to the introduc-
tion of a wide range of mutations, including some known
to impact heme conformation [19-21]. In an investigation
of the substrate specificity of cyt ¢ maturation systems,
we expressed Ht cyt css, variants with three or four resi-
dues between the two Cys as well as a variant with a novel
contracted heme attachment motif (CGCH) [33]. Here, we
characterize the heme conformation in these variants using
spectroscopic methods and determine the effects of nonpla-
nar distortion on electronic structure and reduction potential.
The results inform on the effects of the heme attachment
motif on heme conformation, as well as implications of these
effects for function. Furthermore, understanding how the
heme attachment motif impacts heme conformation lays
the groundwork for the production of novel heme peptides
(microperoxidases) with different structural and electronic
properties for a range of applications [34-36].

Experimental section
Protein preparation

Site-directed mutagenesis, expression, and purification of
Ht cyt c55, were performed as detailed in a prior study [33].
Briefly, the protein variants were expressed in LB medium
to obtain natural isotope abundance samples, and puri-
fied as described [33]. For isotopic labeling, proteins were
expressed in minimal (M9) medium supplemented with
1SNH,Cl for uniform 5N labeling or '*C-labeled 5-aminole-
vulinic acid (ALA) for '3C-labeling of heme core carbons
as detailed elsewhere [20, 37]. ALA derivatives with two
different isotope labels were used, 4-BC-ALA and 5-3C-
ALA, the syntheses of which are described in Supplemen-
tary Material. Resultant patterns of heme '*C labeling are
shown in Fig. 3.
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Fig. 3 Isotope-labeling patterns of heme obtained by incorporation of
either a 4-'>C-ALA or b 5-13C-ALA. Reprinted with permission from
Kleingardner et al. [40], Copyright 2013 American Chemical Society

Electrochemistry

Protein film voltammetry (PFV) experiments conducted
as reported previously [19, 38]. Briefly, an Ecochemie
PGSTAT?30 electrochemical analyzer was used, along with
a water-jacketed cell in a three-electrode configuration.
A standard calomel electrode (SCE) reference was main-
tained at room temperature throughout each experiment.
All potentials were converted and reported versus the
standard hydrogen electrode (SHE). Polycrystalline gold
wire fixed in epoxy resin served as working electrodes.
The gold wire was first prepared by polishing with a dia-
mond suspension followed by successively finer alumina
(1.0, 0.3, and 0.05 pm). Final cleaning for each electrode
was performed electrochemically by cycling between 0.2
and 1.35 Vin 0.1 M H,SO,. Cleaned electrodes were mod-
ified in a 1 mM ethanolic 6-mercaptohexanol solution for
12 h. After rinsing with ethanol and water, electrodes were
considered ready for use.

A typical experiment was carried out on the bench top
with a mixed buffer: 50 mM citrate/50 mM potassium
phosphate at 0 °C. Buffers were degassed with either argon
or nitrogen prior to each measurement. Protein film was
generated by applying a 2-pL aliquot directly to the sur-
face. Excess sample was washed away with buffer. Voltam-
mograms were collected at 200 mV s™! and cycled until a
stable signal was observed. Data analysis was carried out
by subtracting the non-Faradaic current using SOAS [39].

NMR spectroscopy

Oxidized (Fe'™) and reduced (Fe') protein samples at protein
concentrations of 0.5-2.0 mM were prepared as described
in prior work [40]. 1-D 'H-NMR, 1-D *C-NMR, 2-D 'H-
13C heteronuclear multiple quantum coherence (HMQC),
and 2-D 'H-'°N heteronuclear single quantum coherence
(HSQC) spectra were obtained on Fe'! samples as described
[40] using a 500-MHz Varian Inova spectrometer equipped
with a triple-resonance probe. In addition, a TH-15N HSQC
spectrum was obtained for each uniformly '°N-labeled sam-
ple in the diamagnetic Fe' oxidation state. NMR spectra
were referenced indirectly to 4,4-dimethyl-4-silapentane-
1-sulfonic acid (DSS) through the water resonance and pro-
cessed as described [40]. Resonances of 1-D NMR spectra
were fit to Lorentzian line shapes using the multipeak fitting
package in Igor Pro 6.1.2.1.

Resonance Raman spectroscopy

Resonance Raman spectra were collected at room tempera-
ture with Soret excitation using a Coherent INNOVA 301C
krypton ion laser at 406.7 nm. The sample was placed on
a Nikon Eclipse TE2000-U inverted microscope and the
scattered light was collected at a 180° geometry. The spec-
trum was dispersed with an Acton Research monochromator
equipped with an 1800 blaze holographic diffraction grating
and collected with a liquid nitrogen-cooled CCD camera
(Princeton Instruments). The 200 pM sample was placed
in a quartz fluorescence cuvette with sample stirring to pre-
vent localized heating. Laser power at the cell was between
15 and 25 mW. Spectra were referenced linearly with solid
sodium sulfate and resolution is within 1 cm™!. The spectra
were fit to Lorentzian line shapes using a least-squares mul-
tipeak fitting procedure in Igor Pro 6.1.2.1 (Wavemetrics).
A linear background was allowed to vary freely, along with
the peak frequencies, intensities, and linewidths.

EPR spectroscopy

EPR spectroscopy was performed on a Briiker EMXplus
EPR spectrometer equipped with a helium cryostat and tem-
perature controller (Oxford Instruments). Protein samples
were prepared in 50 mM HEPES buffer at pH 7.0. Data were
collected at 5 K with a microwave frequency of 9.382 GHz.
Spectra were collected with a time constant of 163.84 ms, a
modulation frequency of 30 kHz, and a modulation ampli-
tude of 6.090 G. Sweep times ranged from 100.26 to 401.1 s.
Data collected on Hr 1X averaged 16 scans with a microwave
power of 100.2 pW and a gain of 12 dB. For Hr WT, eight
scans were collected with a microwave power of 100.2 pW
and a gain of 15 dB. Hr 3X required eight scans with a
microwave power of 200 pW and a gain of 35 dB. Hr 4X
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required six scans with a microwave power of 50.24 pW and
a gain of 12 dB. For each sample, the microwave power was
tested to ensure the absence of saturation effects.

Results and analysis
Effects of mutations on protein structure

The perturbations to protein structure resulting from the
heme attachment motif mutations were assessed using 2-D
"H-'>N HSQC NMR spectra of uniformly *N-labeled pro-
tein samples. These spectra display a single cross peak for
each backbone amide group, providing a fingerprint of the
protein through which structural perturbations can be iden-
tified. The Fe!! form of the protein was used to avoid the
effects of changes in hyperfine (specifically pseudocontact)
chemical shifts [41].

The HSQC spectra of the Ht 1X, Ht 3X, and Ht 4X vari-
ants are each overlayed with the spectrum of wild type (WT)
in Figs. S1-S3, and the chemical shifts of assigned backbone
amide 'H and >N nuclei are listed in Table S1. The spec-
tra indicate that the mutants are well folded, but with some
structural deviations from WT. The signal-to-noise in the Ht
1X spectrum is poor, because the low expression levels of
this protein resulted in a low concentration of sample. The
appearance of the HSQC spectrum of Ht 1X is suggestive
of slow structural dynamics and/or conformational hetero-
geneity, as indicated by the doubling and/or broadening of
some peaks. Nevertheless, the spectrum shows dispersion
consistent with a well-folded protein. Assignments from the
literature (BMRB Entry 10135) [42] assisted in the iden-
tification of amide backbone resonances with significant
chemical shift deviations for each variant relative to wild
type. The full sequence of each variant is shown in Fig. S4,
where the amino acid letter designations in bold indicate
backbone amide NMR chemical shifts that deviate signifi-
cantly from those of Ht WT, or that are assigned in Ht WT
but not detected in the variant, suggesting a large shift in the
chemical shift(s) and/or enhanced exchange with solvent.
These effects are all consistent with the mutation exerting
a significant effect on the environment of that amide. The
changes are also highlighted pictorially for all three variants
in Figs. S5-S7. We conclude that there are some structural
perturbations as a result of the mutations, which is expected,
but they are concentrated near the mutation site and do not
significantly disrupt the overall protein fold.

The 1-D NMR spectra of the Fe'!! variants are shown in
Fig. 4; small differences in hyperfine shifts are evident both
in the high-frequency and low-frequency regions [33]. At
low frequency, a prominent resonance for the axial Met61
e-C'H, is seen in all variants, confirming Met ligation to
heme. The shifts and linewidths of the four heme methyl 'H
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Fig.4 1-D '"H-NMR spectra of the Fe™ Ht cyt cs5, heme attachment
motif variants collected at 40 °C

Table 1 Heme attachment motif sequences and reduction potentials
of Ht cyt cs5, variants

Variant Sequence Potential
(mV vs.
SHE)

1X CGCH 130+6

WT CMACH 236+2

3X CMAGCH 194 +5

4X CAMAGCH 75+6

peaks found at high frequency are consistent with His/Met
axial ligation and a fluxional axial Met, sampling two con-
formations related by inversion through sulfur as previously
described [43]. We conclude that His-Met axial ligation is
maintained in the variants and is similar to that seen in WT.

Reduction potential measurements

The reduction potentials of the protein variants are presented
in Table 1. The potential measured for Ht WT, 236 £2 mV,
is consistent with the previous measurements [19, 38]. The
variants all have lower potentials than WT, with Hr 4X hav-
ing the lowest of this group (75 mV). The lowest potential
previously reported for a well-folded variant of Ht cyt css,
with axial His/Met ligands in place is 155 mV. This potential
was measured for the double mutant Ht M13V/K22M that
was previously found to have enhanced heme ruffling rela-
tive to Ht WT [21, 40, 44]. This ruffling increase also has
been proposed to contribute to the lower reduction potential
in the mutant [40, 44].

Heme and axial ligand chemical shift assignments

Heme and axial ligand chemical shifts are assigned using
the strategy described for Ht WT [40] and are reported in
Table S2. To assess heme ruffling in the Hr 1X, 3X, and
4X variants, the heme methyl, heme meso, and axial Met61
e-C'H, 'H shifts were measured for each variant in the Fe'!!
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(§=1/2) state (see Fig. S8 for ligand atom nomenclature).
In addition, the average values for the heme methyl, heme
meso, heme a-pyrrole, and heme S-pyrrole 1*C shifts were
determined (see Fig. 3a for heme atom nomenclature).
Assignment of the heme meso, a-pyrrole, and f-pyrrole
13C shifts made use of isotope labeling afforded by the bio-
synthetic incorporation of 5-aminolevulinic acid (ALA), as
shown in Fig. 3. 1-D "H-NMR spectra were used to measure
the Met61 e-C'H; and the heme methyl 'H shifts (Fig. 4).
The heme methyl '*C shifts were measured using 'H-'*C
HMQC spectra of a natural isotope abundance sample (Fig.
S9) using the correlations between the HMQC peaks and
the previously assigned 'H resonances [45]. The heme
meso 'H and '°C shifts were detected via 'H-'>*C HMQC
spectra of a sample with selected heme carbons including
the meso carbons '3C-enriched by supplementation of the
expression medium with 5-'*C-ALA (Fig. S10). Four of the
eight '3C p-pyrrole shifts and four of the eight *C a-pyrrole
shifts were measured in 1-D '*C-NMR spectra of the 4-'3C-
ALA isotope-enriched samples (Fig. 5). The other four 1*C
a-pyrrole shifts were determined through inspection of 1-D
3C-NMR spectra of the 5-"*C-ALA isotope-enriched sample
(Fig. 6).

The chemical shifts of the axial histidine (His16) §1-'°N
and 61-N"H (Fig. S8) were also assigned, identified by the
peak with the largest "H and >N chemical shifts observed in
"H-SN HSQC spectra (Fig. S11) [44]. The His16 p-'H-13C
cross peaks were assigned by analogy to shifts of Ht WT in
natural isotope abundance HMQC spectra (Fig. S12), col-
lected as described [40, 44]. All NMR data were collected
at 40 °C to allow comparison to the existing data on other Ht
cyt ¢ss, variants [20, 40] except for "H-'""N HSQC spectra,
which were collected at 25 °C to enhance the detection of
'H-5N peaks by slowing exchange of the amide protons with
solvent. The chemical shifts that are determined are shown
in Table 2 where they are compared to those of Ht WT [20,

T T T T 1
200 150 100 50 0

3¢ shift (ppm)

Fig.5 1-D '3C-NMR spectra of the Fe" Hr cyt cs5, heme attachment
motif variants collected at 40 °C with 4-'3C-ALA isotope enrichment
(Fig. 3a)

Ht 4X

Ht 3X

HtWT

Ht 1X

80 60 40 20 0
3¢ shift (ppm)

Fig.6 1-D '3C-NMR spectra of the Fe'" Hr cyt cs5, heme attachment
motif variants collected at 40 °C with 5-'3C-ALA isotope enrichment
(Fig. 3b)

40]. Nucleus-specific assignments were not determined for
all heme 'H- and '>*C-NMR shifts, and Table 2 reports the
average chemical shifts for each type of heme nucleus. These
averaged values were used in the analysis of heme ruffling
as described previously [20, 40].

NMR hyperfine shift analysis

Prior studies have identified that heme hyperfine shifts
depend on the presence and extent of heme ruffling when
comparing cyts ¢ with His/Met axial ligation. These vari-
ations arise primarily from the modulation of the overlap
between Fe d(xn) orbitals (d,.,,.) and porphyrin €, orbitals,

2°y2

Table2 NMR chemical shifts (ppm) of Fe! Hr cyt c55, heme attach-
ment motif variants

1X WT? 3X 4X
Methyl 'H 20.0 21.6 21.7 20.2
Methyl *C —-35.0 —-36.7 —-36.3 —-35.8
Meso 'H 3.0 3.6 3.6 3.0
Meso 1*C 38.7 35.7 36.5 40.3
a-Pyrrole 13C 38.8 53.9 58.5 44.0
p-Pyrrole 1*C® 149.4 158.9 160.7 143.5
Met61 e-C'H, -19.0 —153 —13.4 -163
His16 §,-"N° 164.7 182.3 186.1 162.4
His16 §,-N'H° 11.8 13.2 12.1 9.2
His16 p-*C 24.8 27.7 28.8 25.9

Temperature is 40 °C unless otherwise noted

For the heme nuclei, average shifts for nuclei of the type listed are
reported

2Data from Ref. [40]

"The average '*C chemical shifts for four out of the eight p-pyrroles,
which includes only those labeled via the 4-'*C-ALA labeling scheme
(Fig. 3)

“Data collected at 25 °C

@ Springer
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as well as the iron d,, orbital and the porphyrin a;, orbital
[20, 40, 46, 47]. These interactions impact the distribution
of unpaired electron spin density on the heme and thus
the observed hyperfine shifts, which are dominated by the
Fermi contact term [48, 49]. More specifically, as ruffling
increases, the hyperfine shifts of the B-pyrrole carbons
decrease, while spin densities on the a-pyrrole carbons and
meso carbons increase. In addition, ruffling decreases the
hyperfine shifts of the heme methyl 'H and '3C nuclei, which
receive spin density from the B-pyrrole carbons through spin
polarization. The axial ligand shifts also show correlations
with ruffling; these effects have been described in detail pre-
viously [20, 40, 44]. An illustration of the relative changes
in these chemical shifts with ruffling is provided in Fig. 7.
The changes in key chemical shifts of the three heme
attachment motif variants of Ht cyt css, relative to Ht WT
are reported in Table 3. These shift changes are also com-
pared to those observed in another variant of H? cyt css»,
M13V/K22M [19], which was previously shown to have
enhanced heme ruffling [21, 40, 44]. The use of average
chemical shifts of nuclei of the same type (i.e., a-pyrrole,
B-pyrrole, and heme methyl) in this analysis corrects for the
influence of asymmetric distribution of spin density on the
heme resulting from heme—axial ligand interactions [50],
making the average values a more useful indicator of ruf-
fling than values of individual nuclei. The observed chemi-
cal shifts are used rather than the hyperfine shifts, which
is the approach used in our prior work in which observed
shifts were found to correlate well with ruffling [20, 40].
Using the observed shifts yields a convenient tool that can
be used by non-experts to compare different heme protein
variants. Furthermore, the diamagnetic contribution to these
observed shifts is small and minimally impacted by muta-
tions that alter heme conformation. It is also important to
keep in mind that the analysis of heme ruffling performed

) Q
e o 5 S
£ | wola w2
& &l £8 0 5¢
=% 5| EE|T <&
200 150 100 50 0 -50
13¢ chemical shift (ppm)
o
w2 Vo Lu))
£3 £3 5
<& <& >
30 25 20 15 10 5 0 -5 -10 15 -20

1H chemical shift (ppm)

Fig.7 Illustration of the relative changes of heme and axial ligand
chemical shifts with increased ruffling. Values are shown for '3C (top)
and 'H (bottom) nuclei of the heme and axial ligands. The placement
on the chemical shift scales indicates a typical chemical shift for the
nucleus or group indicated. The values indicated for heme nuclei are
a typical average value for each type of nucleus
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Table3 NMR chemical shift changes (ppm) of Fe'" Hz cyt cs5, heme
attachment motif variants relative to Ht WT

AUIX) AGBX) A®@X) A MI3V/K22M)?
Methyl 'H -1.6  +0.1 -14 1.1
Methyl 13C +1.7  +04 +0.9 +0.2
Meso 'H -0.6 +0.0 -0.7 -0.5
Meso *C +3.0 +038 +4.6 +1.1
a-Pyrrole °C —15.1  +4.7 -99 -120
B-Pyrrole 3C®  —-95  +1.8 -154 -122
Met61 e-C'H;  —37 +1.8 -1.0 -3.0
His168,-’N°  —17.6  +3.8 -199 -152
Hisl68,-N'H®  —14 —1.1 —4.0 -20
His16 p-'*C -2.8  +12 -1.8 -23

Values are (WT)-6 (mutant) determined using the chemical shifts
reported in Table 2

For the heme nuclei, average shifts for nuclei of the type listed are
reported

2Ht M13V/K22M has previously been shown to have increased heme
ruffling relative to Ht WT [21]

The average '*C chemical shifts for four out of the eight B-pyrroles,
which includes only those labeled via the 4-'*C-ALA labeling scheme
(Fig. 3)

“Data collected at 25 °C

here is qualitative and is based on the changes in hyperfine
shifts that were observed previously in experiments and in
DFT calculations [20, 40]. Taken together, the changes in
the heme chemical shifts indicate that both Hr 1X and 4X
are more ruffled than WT, while Hr 3X may be slightly less
ruffled, but is similar to WT.

While the chemical shifts cannot be used to quantitatively
deduce the amount of heme ruffling, the comparison of the
relative shifts provides an indication of relative amounts of
heme ruffling among a series of protein variants. The aver-
age heme methyl 'H shift has been found to be a particularly
reliable indicator of the relative amount of heme ruffling [20,
40]. Based on the magnitudes of the changes in the average
heme methyl 'H shift, the increase in ruffling of Hr 1X and
Ht 4X relative to Ht WT is greater than that observed for Ht
M13V/K22M, the Ht cyt cs5, mutant that previously was
found to have the largest amount of ruffling and the low-
est reduction potential among mutants of this protein with
His/Met axial ligation [21]. This conclusion is corroborated
by the changes in the average '*C heme methyl and heme
mesoshifts, which also have been found to be reasonable
predictors of heme ruffling [20, 40]. While considering
these results, it is important to keep in mind that structural
changes other than changes in heme ruffling will be induced
by mutations, and any such changes also may impact reduc-
tion potential.

X-ray crystallography is a valuable complementary
method for characterizing heme conformation and can
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yield quantitative results. A major advantage of X-ray crys-
tallography is that it reveals all types of heme distortions
(i.e., saddling, doming, and other distortions in addition to
ruffling). In our analysis here, it is possible that distortions
other than ruffling are present but not detected. However,
there are disadvantages to the use of crystallography to
measure heme distortion. The most significant issue is that
X-ray crystal structures of proteins rarely have the high reso-
lution needed for a robust assessment of heme conformation.
Small changes in heme distortion may not be discernable
in a crystal structure but will still impact hyperfine shifts.
Ultimately, combining multiple methods is expected to give
the best results.

Resonance Raman spectroscopy

Resonance Raman (rR) spectra collected for ferric Ht WT
and the heme attachment variants Ht 1X, 3X, and 4X are
shown in Fig. 8. In addition, the rR spectra of the variants
HrM13V, K22M, and M13V/K22M [19] are measured (Fig.
S13). These variants are shown previously to have increased
heme ruffling relative to Ht WT, and the double mutant has
the greatest ruffling [21]. An example of the results of peak
fitting to determine band positions (Table 4) is shown in Fig.
S14. The high-frequency resonance Raman marker bands
have been assigned previously [51]. Here, we provide the
energies of two bands, v, and v;,. The v, band is sensitive to
heme oxidation state and is provided to show that samples
remain oxidized in this experiment. Of particular interest
for the analysis of ruffling is the v, frequency, which is
sensitive to the porphyrin ruffling distortion [27, 52]. In the
mutants proposed to have greater ruffling than WT, the v,
band shifts to slightly lower energy. A similar shift, however,

V4

Vo
l '

> al

k7

c

RS

=
Ht4X
Ht 3X
HtWT
Ht1X

T T T T T T T
1350 1400 1450 1500 1550 1600 1650

frequency (cm'1)

Fig.8 High-frequency region of the resonance Raman spectra for the
Fe" Ht cyt cs5, heme attachment motif variants

Table 4 Resonance Raman v, and v,, peak frequencies for Fe'l Ht
cyt cs5, variants

Ht variant Uy (cm™) Vio (cm™)
1X 1370 1631
WT 1369 1634
3X 1368 1631
4X 1370 1630
K22M 1370 1634
M13V 1370 1633
MI13V/K22M 1370 1633

is also seen for Hf 3X, which NMR data which suggest has
a heme conformation that is similar to WT, or slightly more
planar. Overall, the changes in the rR spectra of these vari-
ants are small, and we conclude that rR is significantly less
sensitive to heme ruffling for these systems than NMR. Nev-
ertheless, rR has been successfully applied to other systems
to assess ruffling. In particular, rR spectra are quite sensitive
to changes in ruffling for porphyrins that are already highly
ruffled [53]. The systems studied here have a modest amount
of ruffling (0.62 A out-of-plane distortion along the ruffling
coordinate for Hf WT [20]; in this range, rR frequencies)
change minimally with alterations in ruffling.

EPR spectroscopy
The EPR spectra of the Ht cyt 55, heme attachment motif

variants are shown in Fig. 9. The spectra are consistent with
low-spin, Fe'"! species. The g, and g4 values were fit to

I I T T
2000 3000 4000 5000

Field (Gauss)

Fig.9 X-band EPR spectra of Fe'l Ht cyt cs5, heme attachment vari-
ants

@ Springer



JBIC Journal of Biological Inorganic Chemistry

the EPR spectra using SimPow6. The g, values are not
well resolved, which is attributed to g-strain, and are cal-
culated using the following normalization condition that
applies to a (dxy)z(dxz’yz)3 ground state [54, 55]:
S HE+E+88 — 88 — 88 —4e+e—g)=0

’ )]

The g values determined here are given in Table 5, where
they are compared with the g values of other Ht cyt css,
variants determined previously to have altered heme ruffling
[21]. The g, value, which is sensitive to the extent of heme
ruffling [21, 56-58], shows a significant deviation among the
variants. In the absence of influences from changes in axial
ligand orientation, heme ruffling is expected to increase the
rhombicity of the EPR signal, decreasing g,,,, Wwhich is the
relationship observed for Ht 1X and Hr 4X (Table 5). In
contrast, Ht 3X has a slightly higher g, ., than Ht WT. These
findings are broadly consistent with the conclusions drawn
from NMR data; namely, Ht 1X and 4X have increased ruf-
fling; Hr 3X has slightly decreased or unchanged ruffling.
For Ht 4X, we note that there are two components of the
EPR signal, indicating sample heterogeneity and/or chemi-
cal exchange.

Discussion

Spectroscopic probes of heme ruffling

Resonance Raman (rR) has been considered a key spectro-
scopic probe of heme conformation, with the v, energy
used as an indicator of ruffling [27, 52]. Here, we utilize rR

along with NMR and EPR of paramagnetic (S=1/2) cyts
¢ to investigate heme conformation changes induced by

Table 5 EPR-determined g values of the Ht cyt css, variants

Ht variant 8max 8mid Smin
1X 3.17 2.11 1.23
WT? 3.21 2.07 1.17
3X 3.23 2.06 1.13
4X (major component) 3.06¢ - -

4X (minor component) 3.28¢ - -

K22Mm¢ 3.23 2.08 1.19
M13v¢ 3.19 2.09 1.17
M13V/K22M¢ 3.17 2.11 1.17

Calculated from Eq. 1
bAlso reported in Refs. [20, 21]

“The presence of two components prevented a reliable fit of the g val-
ues other than g,

dReportcd in Ref. [21]
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mutations to the heme attachment motif. NMR hyperfine
shifts are particularly sensitive to these changes. These shifts
result from unpaired electron spin delocalization onto the
porphyrin and axial ligands (directly or through spin polari-
zation) and from a through-space dipolar electron—nucleus
interaction [59-61]. Heme ruffling has been shown to modu-
late both of these factors, resulting in a largely predictable
pattern of hyperfine shift changes with ruffling [20, 40].
Fortuitously, the average heme methyl 'H shift (which is
the most convenient shift to measure) has been found to be
the most reliable predictor of ruffling in ferricyts c, with this
shift decreasing as ruffling increases [40]. The g, value
also has been found to track well with the changes in hyper-
fine shifts and with heme ruffling, provided that axial ligand
type and orientation are conserved. In particular, more ruf-
fled cyts ¢ are more rhombic and have a lower g, value
[21, 56-58]. For comparison purposes, we also collected
rR spectra. While the changes in the v, marker band are
broadly consistent with the changes in the NMR and EPR
data, with a lower energy observed for more ruffled protein
variants, the changes in this band are on the order of only a
few cm™!, while NMR and EPR spectra show significantly
greater changes. We also note that UV—Vis absorption data
also have been implemented as a probe of ruffling, but large
changes in ruffling are required to see any shift in absorption
bands [62].

Of the protein variants studied here, Ht 1X has the largest
decrease in average heme methyl 'H shift relative to wild
type, suggesting that it has the largest increase in ruffling.
The g, value of Ht 1X is decreased, as well, which is con-
sistent with this conclusion. In addition, the Ht 1X 1R v,
band shifts to slightly lower energy, which is also consist-
ent with more ruffling. We propose that this variant shows
a higher amount of ruffling due to strain introduced in the
CGCH linker.

Ht 4X displays the second greatest change in ruffling, at
least as indicated by its decrease in average 'H methyl shift
compared to WT. Interestingly, the EPR spectrum of Hr 4X
shows two components: one with a high g ... (3.28) and one
with a low g.... (3.06). This heterogeneity is not observed
by NMR at 40 °C, which suggests that it is a result of fast
chemical exchange on the NMR time scale at 40 °C between
two states that are frozen out at the low temperature at which
the EPR spectrum was measured. The major component has
the lower g, which is similar to the value for the highly
ruffled horse cytochrome ¢ (1.0 A out-of plane ruffling dis-
tortion) [58, 63]. The minor component has a g, value of
3.28, which is close to the range observed for highly axial
cyts ¢ and is attributed at least in part to a relatively planar
heme [56-58]. Finally, the 1R v, band also shifts to lower
energy in Ht 4X and is the lowest among this series of vari-
ants, although the shift is very small (Table 4). We conclude
that the heme of Hr 4X is in exchange between ruffled and
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planar conformations, but with a higher population of the
ruffled form. While these forms are frozen out at the low
temperature at which EPR spectra are collected, they are
in fast exchange on the NMR and rR time scales near room
temperature. A similar dynamic heme ruffling phenomenon
has been observed in other heme proteins [64, 65] and metal-
loporphyrins [66]. Thus, we propose that extending the heme
attachment motif adds strain to this system to enhance heme
ruffling and also introduces heme conformational heteroge-
neity or dynamics. It is worth noting that the introduction of
such dynamics typically complicates structural characteri-
zation using X-ray crystallography. The crystallization of
proteins with dynamic heterogeneity may be challenging,
and if crystals are obtained, there is a concern that one con-
former may be crystallized preferentially. For these reasons,
spectroscopic analysis of heme conformation has distinct
advantages for dynamic systems like Ht 4X.

Using the previously defined trends in hyperfine NMR
shifts, the Ht 3X variant displays a similar degree of ruffling
as Ht WT, or it may be slightly less ruffled. This is consistent
with the similar g, value of Ht WT and Ht 3X (Table 5).
The resonance Raman v, frequency of Ht 3X decreases
slightly, which would be indicative of an increase in ruf-
fling, but the average heme methyl chemical shift increases
by 0.1 ppm, which suggests a slightly more planar heme. The
data are broadly consistent with a similar degree of heme
ruffling between Hr 3X and WT.

Heme ruffling and reduction potential

Heme ruffling has been proposed to lower reduction poten-
tial [20, 67, 68], and a general correlation between heme
ruffling and potential in cyts ¢ has been observed [15]. The
multitude of factors that influence potential, including heme
solvent exposure and local electrostatics, makes it difficult
to correlate any single factor to determining the potential.
To minimize the number of factors that can influence poten-
tial, we have investigated series of cyt ¢ variants in which
specific mutations are introduced to influence the extent
of heme ruffling. Earlier work utilized mutations near the
CXXCH motif [19, 20]. Here, we investigate the influence
of the motif itself.

Each heme attachment motif variant of H? cyt css, studied
here has a decreased heme reduction potential. However, the
Ht 1X and 4X variants, which were found to have a substan-
tial increase in heme ruffling, also have larger decreases in
potential (Table 1). In fact, a general correlation is observed
between the average 'H heme methyl shift, which is sensi-
tive to heme ruffling, and the reduction potential of these
and other Hf cyt css, variants (Fig. 10). A total range of
171 mV is observed in the potentials of these Hf cyt css,
variants [20]. In these mutants, major changes in heme sol-
vent exposure are not expected, because the 'H-'>N HSQC

22.0
y =mx + b ’. ATF
m=0.012+0.002| 3Xe ‘x'
& b =19.0+0.4 L OWT
< 215 5 K22me .-
@ R =0.81 .
FI g
;>’ 21.0
B - eM13V
£
[0) e
% 20,54 x, @ M13V/K22M
o o
z 0ax -
200 . o 1X
T T T 1
100 150 200 250

Midpoint potential (mV vs SHE)

Fig. 10 Correlation between average 'H heme methyl shift and the
reduction potential of Hf cyt ¢ss, and the 1X, 3X, 4X, M13V, K22M,
M13V/K22M, and AT7F variants. Potentials of M13V, K22M, and
M13V/K22M were reported elsewhere [44], and the potential of A7F
was measured by PFV to be 246 mV. Chemical shifts were measured
at 40 °C

spectra reveal that the mutants do not have a significantly
perturbed fold (Figs. S1-S7); however, changes in heme
solvent interactions cannot be ruled out, in particular for Ht
1X. Significant changes in electrostatic interactions are only
expected for the variants involving K22, as the other muta-
tions introduced in this series are charge-neutral. Therefore,
other factors determining potential are expected to yield
the differences observed among these Ht cyt css, variants.
The broad correlation between heme ruffling and reduction
potential supports the hypothesis that heme ruffling plays a
role in tuning the reduction potential. An explanation for this
relationship has been put forward previously. Specifically, it
was found through DFT calculations validated by NMR that
enhancing ruffling destabilizes the d_ orbitals of iron, but the
net destabilization is greater for ferrous heme compared to
ferric heme, thus yielding a lower reduction potential [20].

Functional implications

Extended heme attachment motifs in the form of CX;CH
or CX,CH occur in tetraheme cyts c; of sulfate-reducing
bacteria [69] and in a few other cyts ¢ [70]. In an analysis
of heme conformation performed on cyts c;, it was dis-
covered that hemes 2 and 4, which have extended heme
attachment motifs, tend to be significantly more ruffled
than hemes 1 and hemes 3 [69]. In this work, engineer-
ing an extended CX,CH heme attachment motif in H? cyt
C5s, increases heme ruffling and decreases potential. When
including additional data from the literature on variants
of Ht cyt css,, a general correlation is observed between
the average heme methyl shift, which tracks with heme
ruffling, and reduction potential (Fig. 10). These findings
suggest that naturally occurring extended heme attachment
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motifs in multiheme cyts ¢ may exist to tune the potential
of the heme downward by altering the heme conforma-
tion. Indeed, it has been noted that c-type heme sites in
nature span a wider range of reduction potentials relative
to b-type hemes, comparing hemes with the same axial
ligands. In particular, hemes c reach lower potentials com-
pared to hemes b [15].

EPR data reveal that the heme of Hf 4X is in exchange
between ruffled and planar conformations, a phenomenon
that has been observed in some heme proteins [64, 65] and
metalloporphyrins [66]. This kind of heme conformational
dynamics has been subscribed functional significance in a
heme-degrading enzyme [65]. In addition, interaction of
mitochondrial cyt ¢ with membranes has been invoked in
driving a conformational change of heme from ruffled to
more planar. In particular, a decrease in heme ruffling has
been observed in mitochondrial cyt ¢ bound to the mitochon-
drial membrane [71], and these changes have been proposed
to enhance electronic coupling to redox partners [23]. Fur-
thermore, heme conformational dynamics have been shown
to couple strongly to the cyt ¢ polypeptide, and in particular
to the protein region that interacts with redox partners [22,
24]. Thus, modulation of a ruffled/planar equilibrium may
act as a “switch” for electron transfer [15]. While the func-
tional relevance in cyt c; is not apparent, future studies of
electron transfer in cyt c; should consider these possible
effects on the hemes with the extended attachment motif.

Implications for engineering heme peptides

Heme peptides, or microperoxidases, consist of heme ¢
bound to a short peptide via a CXXCH attachment motif.
Microperoxidases have long been a favorite model of
heme protein active sites [72]. In addition, they have been
employed in biotechnological applications, including hydro-
gen peroxide sensing [73—75] and biofuel cells [76-78].
In addition, cobalt substitution of a microperoxidase-11,
derived from horse cyt ¢, yields an air-tolerant artificial
hydrogenase for generating hydrogen from neutral pH water
[36]. For applications involving immobilized metallopor-
phyrin peptides, the small size of heme peptides allows for
a high density of active sites and resistance to deactivation
due to irreversible unfolding, because the short peptides do
not fold. However, tuning the properties of these metallopor-
phyrin—peptide catalysts has been a challenge because of
the limited number of second-sphere interactions that exist
and can be introduced. The ability to modulate the porphy-
rin conformation and, therefore, the reduction potential of
microperoxidases by expression of microperoxidases with
contracted or extended heme attachment motifs may allow
the introduction of novel and/or altered activities of these
mini-biomolecules [35].

@ Springer

Summary and conclusions

Extended (CX;CH and CX,CH) and contracted (CXCH)
heme attachment motifs in Ht cyt c55, were evaluated in
terms of their heme conformation using hyperfine NMR
shifts, EPR g,.. values, and resonance Raman v, fre-
quencies. The heme in the CX,CH variant demonstrates
enhanced ruffling, mimicking the effect observed in
hemes in cyts ¢; with extended heme attachment motifs.
The reduction potentials of the variants were also ana-
lyzed, showing a general correlation between higher heme
ruffling and lower redox potential, adding an additional
support for the hypothesis that ruffling lowers potential.
Tuning redox potential through modification of the heme
attachment motif length, which changes heme ruffling,
may be a functional role of the extended heme attachment
motifs in cytochromes c;. The CXCH motif variant also
notably increases the heme ruffling and lowers the redox
potential. Modifying heme attachment motifs may also be
an approach for tuning the properties of metalloporphy-
rin—peptide catalysts by altering the heme conformation.
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