Inorganic Chemistry

pubs.acs.org/IC

The Influence of Heme Ruffling on Spin Densities in
Ferricytochromes ¢ Probed by Heme Core *C NMR

Jesse G. Kleingardner, Sarah E. J. Bowman, and Kara L. Bren*

Department of Chemistry, University of Rochester, Rochester, New York 14627-0216, United States

© Supporting Information

ABSTRACT: The heme in cytochromes ¢ undergoes a conserved out-of-
plane distortion known as ruffling. For cytochromes ¢ from the bacteria
Hydrogenobacter thermophilus and Pseudomonas aeruginosa, NMR and EPR
spectra have been shown to be sensitive to the extent of heme ruffling and
to provide insights into the effect of ruffling on the electronic structure.
Through the use of mutants of each of these cytochromes that differ in the
amount of heme ruffling, NMR characterization of the low-spin (S = '/,)
ferric proteins has confirmed and refined the developing understanding of
how ruffling influences the spin distribution on heme. The chemical shifts
of the core heme carbons were obtained through site-specific labeling of
the heme via biosynthetic incorporation of "*C-labeled S-aminolevulinic
acid derivatives. Analysis of the contact shifts of these core heme carbons
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allowed Fermi contact spin densities to be estimated and changes upon ruffling to be evaluated. The results allow a
deconvolution of the contributions to heme hyperfine shifts and a test of the influence of heme ruffling on the electronic
structure and hyperfine shifts. The data indicate that as heme ruffling increases, the spin densities on the S-pyrrole carbons
decrease while the spin densities on the a-pyrrole carbons and meso carbons increase. Furthermore, increased ruffling is

associated with stronger bonding to the heme axial His ligand.

S tructural characterization of heme proteins has demon-
strated that hemes undergo nonplanar distortions' along
low-frequency vibrational normal modes that are classified by
the symmetry of the normal mode. Saddling (B,,), ruffling
(By), and doming (A,,) are the most frequently observed
nonplanar distortions in heme proteins, and the type of
structural distortion typically is conserved among proteins that
carry out the same function.”? For example, saddling is
conserved in peroxidases,” ruffling is seen in electron-
transferring c-type cytochromes,™® and doming is observed in
oxygen storage and transport proteins such as myoglobin and
hemoglobin.>” The functional role of heme nonplanar
distortions in proteins is not yet fully understood and has
been the subject of recent discussion and research."®

Ruftling has been proposed to influence heme function in a
number of proteins. In electron-transferring cytochromes ¢ and
in NO-carrying nitrophorins, ruﬂlin% has been shown to
modulate the reduction potential.>*~'" Ruffling also has been
suggested to lower the affinity for oxygen in nitric oxide/oxygen
binding (H-NOX) proteins'’ and to influence the NO binding
geometry in nitrophorins.'®"> In both nitrophorins and
hydroxylamine oxidoreductase, a ruffled heme is proposed to
increase the heme affinity for NO.'”'® Ruffling also has been
shown to modify heme electronic properties to facilitate
enzymatic heme degradation by the enzymes heme oxygen-
ase,"* Isd],'® and MhuD.'*'7 In addition, ruffling is proposed to
modulate the electronic coupling in a catalytic intermediate of
nitrophorin 2, which has been discovered to have peroxidase
functionality.'® The heme in some cyano-protoglobins has been
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found to be highly ruffled, accounting for electronic structure
differences with cyano-metmyoglobin.'” The means by which
heme ruffling modifies the electronic structure to influence
function is not yet fully understood. Besides leading to a better
understanding of structure—function relationships in heme
proteins, understanding the impact of ruffling on metal-
loporphyrin properties is expected to enhance the development
of metalloporphyrin-based catalysts.”®>*

Most characterizations of heme conformation have relied on
normal-coordinate structural decomposition (NSD) analysis of
X-ray crystal structures, yielding the net out-of-plane displace-
ment of porphyrin atoms along each distortion coordinate (ie.,
ruffling, saddling, doming),2 but recent efforts have focused on
developing methods that reveal effects of the heme
conformation on the electronic structure and function. For
example, vibrational spectroscopy methods have been utilized
to characterize heme out-of-plane distortions such as ruffling.
Approaches include the use of resonance Raman marker
frequencies,” Raman dispersion spectroscopy,”® and femto-
second coherence spectroscopy.”’ Magnetic spectroscopy
methods such as electron paramagnetic resonance (EPR) and
NMR are well-suited to probe the interplay between heme
geometric and electronic structure in paramagnetic heme
proteins.”* 7> EPR has provided insight into the influence of
ruffling on d-orbital energies,* and heme methyl 'H shifts have
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been found to be sensitive to heme ruffling.*>* A recent study

used NMR spectroscopy and density functional theory (DFT)
calculations to investigate the effects of ruffling on heme
electronic structure and proposed a mechanism for how ruffling
affects heme redox properties.” Heme core *C NMR shifts
have been used to determine the heme iron oxidation and spin
state®” and are being developed as probes of heme electronic
structure.”*® For heme model complexes, '*C shifts have been
used to calculate the distribution of spin density on the
porphyrin ring.** The spin densities determined from NMR
provide a means by which to test molecular orbital models of
heme electronic structure. Heme core *C shifts, however, have
not yet been fully developed as probes of heme distortion. A
goal of the work reported herein is to compare the use of *C
and 'H shifts of heme as probes of heme ruffling.
Cytochrome ¢ has served as an ideal model for testing the
influence of ruffling on heme properties.>**** The heme in
cytochromes ¢ tends to be highly ruftled, with little contribution
from other types of out-of-plane distortions.*" Additionally, the
degree of ruffling can be modulated by site-directed muta-
genesis without significantly disrupting the heme orientation
within the protein structure®** because the heme is covalently
attached to the protein. Cytochromes ¢ also tend to have a fixed
axial histidine orientation,® simplifying the interpretation of
spectroscopic data.*® The present work aimed to measure the
influence of ruffling on heme electronic structure in
cytochromes c¢ by analyzing "H and *C hyperfine NMR shifts.
In this study, we compared heme "*C and 'H chemical shifts of
wild-type and mutant cytochromes ¢, making use of mutants
with established changes in ruffling relative to the wild type.
One wild-type/mutant pair is Pseudomonas aeruginosa cyto-
chrome cg5; (Pa WT) and its point mutant with a more ruffled
heme, Pa F7A. The ruffling of the Pa WT and Pa F7A hemes
was previously characterized by X-ray crystallography, which
showed that the F7A mutation nearly doubles the extent of
ruffling, measured as the total out-of-plane displacement of
heme atoms along the ruffling coordinate,” without significantly
changing other out-of-plane deformations.”*** To include
additional data points and evaluate another cytochrome ¢, we
also measured and analyzed heme 'H and "*C chemical shifts
for a series of Hydrogenobacter thermophilus cytochrome css,
variants, Ht M13V, Ht K22M, and Ht M13V/K22M, as well as
the wild type (Ht WT). These mutations were previously
determined by EPR to increase heme ruffling.>* In addition to
the heme resonances, we also included analyses of the His axial
ligand chemical shifts. In the present study, the NMR hyperfine
shifts were divided into contact and pseudocontact components
using a simple model, allowing Fermi contact spin densities to
be estimated. The results demonstrate how rufling influences
the spin density delocalization on the porphyrin and provide an
illustration of the influence of ruffling on heme axial ligands.
Furthermore, we demonstrate that the chemical shifts that are
the most convenient to measure, the heme methyl 'H shifts,
provide the best NMR measure of the extent of ruffling.

B MATERIALS AND METHODS

Protein Expression and Purification. The plasmid pSCHS52
containing the gene for cﬂochrome Cssy from H. thermophilus has
previously been described™ along with the mutants Ht M13V, Ht
K22M, and Ht M13V/K22M.** The plasmid pETPA containing the
gene to express P. aeruginosa cytochrome css; has also been previously
described* along with the Pa F7A variant.>* Each of the cytochrome ¢
genes was expressed in Escherichia coli BL21 Star (DE3) cells

(Invitrogen) with the pEC86 plasmid containing the ccmABCDEFGH
operon.”” Growth in Luria—Bertani (LB) medium provided natural-
isotope-abundance samples. Carbon-13 isotope enrichment of the core
heme carbons was accomplished by expressing the protein in minimal
medium supplemented with isotope-labeled S-aminolevulinic acid
(ALA), which is a biological precursor to heme.*® Uniform “N
labeling was accomplished by expression in minimal medium with
(**NH,),SO, (Sigma-Aldrich) as the sole nitrogen source. The
minimal medium recipe used has been reported elsewhere.’® The
4-13C and 5-"°C isotopically labeled ALA derivatives were synthesized
according to literature methods.*” Ht cytochromes ¢** and Pa
cytochromes ¢*® were purified as previously described. Concentrations
were determined using extinction coeflicients of €495 = 105 mM™
em™! for ferric Ht cytochromes™ and 40 = 106.5 mM™ cm™ for
ferric Pa cytochromes.*°

NMR Spectroscopy. Oxidized (Fe™) protein samples were
obtained from purified protein exchanged into S0 mM NaP; buffer
at pH 7.0, after which 10% D,0O and a S5-fold molar excess of
K;Fe(CN)g (Sigma-Aldrich) relative to protein were added. Reduced
(Fe™) samples were prepared by exchanging purified protein into 50
mM NaP; at pH 7.0 followed by lyophilization. The lyophilized sample
was dissolved in 100% D,O or 90% H,0/10% D,0O under an argon
atmosphere. A 10- to 20-fold excess of Na,S,0, (Sigma) was then
added to reduce the sample, which was transferred to an NMR tube
under a nitrogen atmosphere. Mixed-oxidation-state samples were
prepared by partially oxidizing previously reduced samples by brief
exposure to air. Final protein concentrations were 1—3 mM.

A 500 MHz Varian Inova spectrometer fitted with a triple-resonance
probe was used for all NMR experiments. One-dimensional '"H NMR
spectra were recorded using presaturation of the water signal with a
saturation delay of 1 s. "H—'C heteronuclear multiple-quantum
coherence (HMQC) spectra used to observe the heme methyl
resonances were obtained with natural-isotope-abundance samples
using a presaturation delay of 190 ms and a Jcy value of 200 Hz.
"H—"N heteronuclear single-quantum coherence (HSQC) spectra of
ferric protein samples were obtained with uniformly 'SN-labeled
protein samples using a Jyy value of 135 Hz; this high Jyy value
enhances the detection of faster-relaxing nuclei®s A Jyy of 94 Hz was
used for 'H—'"N HSQC spectra of ferrous samples. 2D TOCSY
spectra were collected using a spin-lock time of 90 ms, and 2D
NOESY spectra were collected using a mixing time of 100 ms. A 3D
HSQC-TOCSY spectrum was collected with uniformly '“N-labeled
ferrous Ht WT with a spin-lock time of 90 ms and a Jyy value of 94
Hz. Two-dimensional exchange spectroscopy (EXSY) was performed
with a mixing time of 100 ms on mixed-oxidation-state samples. 1D
C experiments with 'H decoupling were run on samples with core
heme carbon isotope enrichment via labeling with [4-'*C]ALA or
[5-CJALA. For 1D C experiments on Fe'" and Fe' samples, recycle
times of 120 ms and 2.3 s, respectively, were used. Data on Pa WT and
Pa F7A were collected at 25 °C to facilitate comparison to published
data on these and related proteins. However, data on Ht WT and its
variants were collected at 40 °C because significant line broadening
was observed for '3C resonances for this protein at 25 °C, likely as a
result of the fluxionality of the axial Met. All of the spectra were
referenced to 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) indi-
rectly through the water resonance. One-dimensional spectra were
processed with SpinWorks 3.1 beta using a 20 or 30 Hz line-
broadening window function for *C and 'H spectra, respectively.
After phasing, peaks were fit to Lorentzian functions using the
multipeak fitting package in Igor Pro 6.12. For 2D HMQC spectra,
processing was 5performed with NMRPipe®' using a previously
published macro.

Calculation of the metal-centered pseudocontact shifts for Pa WT
and Pa F7A relied on the previously determined magnetic axes and
anisotropic susceptibility of Pa WT.** The magnetic susceptibility
values used are listed in Table S1 in the Supporting Information.
Hydrogen atoms were added to each crystal structure using
MolProbity.>> The crystal structures were then oriented with the
four pyrrole nitrogens of the heme in the xy plane, the +z axis pointing
toward the axial methionine, and the iron at the origin. The molecule
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Table 1. Chemical Shifts (ppm) for Oxidized Pa WT and Pa F7A“

Pa WT Pa F7A
"H methyl 22.10 21.35
3C methyl —41.0 —-39.8
'H meso 2.64 2.58
BC meso 37.0 382
a-pyrrole *C 29.4 29.3
p-pyrrole °C° 141.7 140.5
Met61 e-C'H, —16.91 —-16.96
His16 §,-°N 169.3 165.3
His16 5,-N'H 11.9 10.6

(Pa F7A — Pa WT) (Ht A7F — Ht WT)®

—0.75 +0.17
1.2 -0.9
—0.05 -0.13
+1.2 -0.5
—0.1 —4.9¢
-1.2 n.d.®
—0.08 —1.21
—4.0 n.d.®
—1.30 n.d.

“Data at 25 °C. Average chemical shifts are reported for heme nuclel “Published data at 51 °C.° “Four out of the eight f-pyrrole *C shifts were
averaged according to the [4-"*C]ALA labeling scheme (Figure 1a). “Data for four out of the eight a-pyrrole '*C shifts according to the [S-*CJALA

labeling scheme (Figure 1b). “Not determined.

Table 2. Chemical Shifts (ppm) for the Oxidized Ht Series of Variants™”

WT K22M
'H methyl 21.65 21.53
C methyl —36.7 —36.7
'H meso 3.63 3.58
B3C meso 35.7 38.5
a-pyrrole B¢ 53.9 54.1
f-pyrrole B 158.9 157.4
Met61 e-C'H, —-15.27 —15.09
His16 &,-"SN° 182.3 181.3

His16 6,-N'H® 132 12.6

“Average chemical shifts are reported for heme nuclei.

M13V MI13V/K22M (M13V/K22M — WT)*¢
2091 20.59 —1.06

—36.4 -36.5 +0.2

3.26 3.18 —0.45

36.9 36.9 +1.1

44.8 419 —12.0

151.0 146.7 -122

—17.69 —18.26 -2.99

170.5 167.1 =15

11.8 11.2 -1.6

bThe temperature was 40 °C except where noted otherwise. “The change in chemical shift for

the most ruffled Ht variant relative to Ht WT. “Four out of the eight f-pyrrole '*C shifts were averaged according to the [4-"*C]ALA labeling scheme

(Figure 1a). “Measured at 25 °C, taken from ref 45.

was then rotated to place the heme pyrrole II nitrogen along the +x
axis. The metal-centered pseudocontact shifts were then calculated
according to literature procedures.>® The orientation and anisotropy of
the paramagnetic susceptibility tensor of Ht WT at 40 °C (pH 7.0)
were determined herein from measured pseudocontact shifts.
Chemical shift assignments for ferric Ht WT at 40 °C (pH 7.0)
were made using TOCSY and NOESY spectra and by comparison to
previous assignments at 25 °C (pH 5).2 Assignments of ferrous Ht
WT at 40 °C (pH 7.0) were made using TOCSY, NOESY, and 3D
HSQC-TOCSY spectra and by comparison to previous assignments at
both 25 °C (pH 5)* and 23 °C (pH 6). 5* Pseudocontact shifts were
determined by taking the difference between the shifts in the oxidized
and reduced states, using nuclei for which contact shift is negligible
(i.e., excluding the heme, Cys12, Cys1S, His16, and Met61). A total of
51 pseudocontact shifts were used in the fitting along with the
resonance assignments in both oxidation states (Table S4). The
magnetic axes determination used chain A of the 2.0 A crystal structure
of reduced Ht WT (PDB entry 1YNR).>* Proton coordinates were
added using MolProbity,>* and the positions of the methyl protons
were averaged over one rotation. The coordinate axes were defined as
described above for Pa WT and Pa F7A. The ﬁttmg used methods and
an in-house program described previously.*> After determination of
the magnetic axes orientation and magnetic anisotropies for Ht WT,
pseudocontact shifts of the heme and axial ligand nuclei were
calculated as described above for Pa WT and Pa F7A.

B RESULTS AND ANALYSIS

NMR Assignments. Heme Nuclei. Heme 'H and *C NMR
assignments were made for ferric Pa WT, Pa F7A, Ht WT, Ht
M13V, Ht K22M, and Ht M13V/K22M and are found in
Tables 1 (Pa variants) and 2 (Ht variants). Heme and selected
axial ligand 'H and '*C assignments made for reduced
(diamagnetic) Pa WT are shown in Table S2. The heme

12935

assignments reported for reduced Pa WT were used as
reference diamagnetic shifts throughout. The shifts of the
four heme methyl substituents (Figure la) for all of the
proteins were obtained via 1D 'H and 2D 'H-"C HMQC

a)

0 B-pyrrole--- -

HQN/\H/\)LOH e

0 w-pyrrole ---&
[4-"*CJ-ALA

Figure 1. '*C isotope labeling pattern obtained from the addition of
(a) [4-*C]ALA and (b) [S-"*CJALA. Heme nuclei are labeled in (a).
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spectra using samples at natural isotope abundance. In the
oxidized proteins, the methyl resonances were identified in the
1D 'H spectra as the most deshielded signals that integrated to
three protons (Figures S1 and S2 in the Supporting
Information), consistent with published assignments.56 The
methyl 3C shifts were then obtained from cross-peaks in the
"H-"*C HMQC spectra and were consistent with published
assignments.”” An overlay of the HMQC spectra of the Ht
series of variants is shown in Figure S3, and an overlay of the Pa
WT and Pa F7A spectra is shown in Figure S4. The meso 'H
and C shifts were detected in 'H—"C HMQC spectra as well
using the isotope labeling pattern provided by [S-'*CJALA
enrichment (Figure 1b). With this labeling pattern, the four
meso carbons as well as four of the a-pyrrole carbons are *C-
labeled. Since the meso carbons are the only isotopically
enriched carbons with attached protons, these are the strongest
signals in the HMQC spectra. HMQC spectra of [5-'*C]ALA-
enriched samples are included in Figures S5—S7.

The a-pyrrole and f-pyrrole *C shifts were detectable only
with 1D C NMR. The four a-pyrrole carbons labeled with
[5-*CJALA were identified in 1D spectra by eliminating the
meso *C shifts assigned from the HMQC spectra. For Pa WT
and Pa F7A, this assignment strategy was followed for both the
Fe'" and Fe' redox states (Figures S8—S12), with the exception
that the reduced heme methyl 'H shifts were obtained for Pa
WT and Pa F7A by correlation cross-peaks observed in 2D
EXSY spectra of mixed-oxidation-state samples (Figure S13).
Heme chemical shifts for reduced Pa WT are given in Table S2.

Labeling of samples with [4-'*C]ALA yielded heme with four
a-pyrrole and f-pyrrole carbons enriched with '*C (Figure 1a).
Distinguishing between the a-pyrrole and S-pyrrole resonances
was made possible by the different labeling schemes and
comparison to established chemical shift ranges for these nuclei
in low-spin ferric heme® A 1D '3C spectrum of the
[4-C]ALA-enriched sample of Ht WT (Figure 2d) shows

200 15;0 100 50 0
"°C shift (ppm)

Figure 2. 1D "*C NMR spectra of ferric heme resonances of Pa WT
(black traces) and Ht WT (red traces): (a, b) spectra of [5-*C]ALA-
labeled samples of Pa WT and Ht WT, respectively; (c, d) spectra of
[4-C]ALA-labeled samples of Pa WT and Ht WT, respectively.

four peaks between 10 and 70 ppm. These peaks are in the
same chemical shift range as the a-pyrrole signals observed in
the 1D C spectrum of the [5-*C]ALA-enriched Ht WT
sample (Figure 2b) and were therefore assigned to a-pyrrole
carbons. The remaining four peaks had chemical shifts larger
than 120 ppm and thus were assigned to B-pyrrole carbons.
This pattern, where a-pyrrole '*C shifts are clustered with

lower chemical shifts than the fB-pyrrole *C shifts, has been
previously observed in low-spin Fe' heme proteins.>®

For Pa WT and Pa F7A, this same general assignment
strategy was employed to distinguish between the a-pyrrole and
B-pyrrole signals of the [4-"*C]ALA-labeled samples (Figure
S11). The four a-pyrrole C signals from the [S-*CJALA-
labeled sample are between —5 and +75 ppm. For both Pa WT
and Pa F7A, there are only four peaks from the [4->CJALA-
labeled samples that appear in this region; these were assigned
to the a-pyrrole carbons. The remaining four signals, which
have chemical shifts greater than 90 ppm, were then assigned to
P-pyrrole carbons. Using this assignment strategy with Pa WT
and Pa F7A leaves some doubt in differentiating between the a-
and f-pyrrole carbons in the [4-"*C]ALA-labeled samples. In
Pa WT, the chemical shift of the most shielded S-pyrrole is less
than 25 ppm higher than the least shielded a-pyrrole carbon.
This is in contrast with the more than 65 ppm separation found
in the Ht variants. The decreased separation between the a-
and f-pyrrole carbon shifts in the Pa variants increases the
likelihood of an overlap between their chemical shift ranges.
For example, in the case of Pa WT, the peaks at 63.9 and 90.9
ppm (25 °C, Figure 2c) have a chance of being assigned
incorrectly. To resolve this ambiguity, temperature depend-
ences of the a- and B-pyrrole carbon shifts were measured for
Pa WT and Pa F7A. Hyperfine shifts in cytochromes ¢ do not
typically exhibit standard Curie behavior because of the
presence of a thermally accessible excited state.®> As a
consequence, Curie plots of hyperfine shifts have y-intercepts
that deviate from the diamagnetic shift values. Since the atypical
Curie behavior is well-understood for cytochromes ¢, an
analysis of the temperature dependence assists in the
assignment of the core heme carbons.

The temperature dependence of the a- and f-pyrrole carbon
shifts of Pa WT is shown in Curie plots in Figure 3. The
diamagnetic reference shifts were determined via *C NMR of
the [4-"*C]- and [5-"*C]ALA-labeled samples of Pa WT in the
Fe" redox state (Figure S12 and Table S2). The average
diamagnetic *C shifts for the a-pyrroles and f-pyrroles were
147.7 and 144.8 ppm, respectively. These values were
subtracted from the observed chemical shifts to estimate the
hyperfine shifts, which are plotted on the y axis in Figure 3. A
decrease in the magnitude of the hyperfine shift with increasing
temperature and a y-intercept of zero would thus be standard
Curie behavior. As can be seen in Figure 3, the Pa WT peak at
90.9 ppm (25 °C) exhibits hyper-Curie behavior while the peak
at 63.9 ppm exhibits hypo-Curie behavior. A pattern in the
temperature dependence of cytochrome ¢ methyl 'H and "*C
shifts has been previously observed in which the more
hyperfine-shifted peaks exhibit hyper-Curie behavior and the
less hyperfine-shifted peaks exhibit hypo- or anti-Curie
behavior.>® The reason for this behavior is a shift in the
Boltzmann population of the low-lying excited state. It is
expected that the temperature dependence of the f-pyrrole *C
shifts follow the same pattern as the heme methyl resonances
because the paramagnetic shifts of the heme methyl resonances
are mostly a result of the polarization of spin density from the
p-pyrrole carbons. The temperature dependence of the
resonances at 63.9 and 90.9 ppm is consistent with this pattern
only if they are assigned as a-pyrrole and pB-pyrrole signals,
respectively. The same temperature dependence study was used
to clarify the assignments of Pa F7A and is shown in Figure
S14.
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Figure 3. (a) Temperature dependence of the three unambiguously
assigned f-pyrrole '*C shifts for Pa WT (black squares) compared
with that of the two peaks with ambiguous assignments (blue
diamonds, red triangles). (b) Temperature dependence of the seven
unambiguously assigned a-pyrrole *C shifts for Pa WT (black circles)
compared with that of the two peaks with ambiguous assignments
(blue diamonds, red triangles). In both (a) and (b), the blue diamonds
represent the peak tentatively assigned to a f-pyrrole carbon on the
basis of its lower shift and temperature dependence, while the red
triangles represent the peak tentatively assigned to an a-pyrrole
carbon.

Axial Ligands. Axial ligand assignments were made by
comparison to previous assignments.”® The only significantly
hyperfine-shifted resonance in the HSQC spectra of Pa WT
and Pa F7A is that of the 5,-NH of the heme axial His16.* An
overlay of the HSQC spectra with the §,-NH signals evident is
shown in Figure S15. The axial methionine e-CH; peak can be
observed in a 1D 'H spectrum as the only peak with a chemical
shift lower than —10 ppm that integrates to three protons
(Figures S1 and S2). Chemical shift assignments are shown in
Tables 1 and 2.

Chemical Shift Changes with Ruffling. Pa Cytochrome
Css; Variants. The heme in Pa F7A has been shown by X-ray
crystallography to be more ruffled than the heme in Pa WT.*
The heme 'H and "*C NMR shifts were recorded for both Pa
WT and Pa F7A to learn the effect of ruffling on these shifts. In
addition, the axial methionine e-CH; 'H shift was measured
along with the axial His 4,-'*N and &,-N'H shifts (Figure 4).
Table 1 reports the chemical shifts for Pa F7A compared with
Pa WT and compares the chemical shift differences between Pa

E
JSS \/\S/CH3
I

— C e—

|
N
H X —H
g
fxg 31 H
Ho

Figure 4. Diagram of the axial ligands of cytochrome ¢ showing labels
for nuclei relevant to this work.

F7A and Pa WT to those between Ht A7F and Ht WT, which
have previously been published.” The use of average chemical
shift values for each type of heme nucleus minimizes the effect
of asymmetric spin density distributions that result from the
axial ligand interactions with heme and allows an analysis
despite the lack of atom-specific assignments of heme core
carbons.

The heme chemical shifts of Pa F7A show a number of
differences from those of Pa WT. In the more-ruffled Pa F7A,
the magnitudes of the average heme methyl >C and 'H shifts
decrease relative to those of Pa WT. Second, the average heme
meso "C shift increases while the average heme meso 'H shift
decreases slightly. The average of the four measured f-pyrrole
shifts decreases slightly, as does the average of all eight a-
pyrrole shifts. These changes in average chemical shifts in Pa
F7A relative to Pa WT are reported in Table 1, where they are
compared with previously published chemical shift changes
observed for Ht A7F, a mutation that slightly decreases the
extent of heme ruffling.’ The influence of heme ruffling is
predicted to change the chemical shifts of Pa F7A relative to Pa
WT in the opposite direction as that observed for Ht A7F
relative to Ht WT in published work.’ As expected, the 'H
methyl, *C methyl, and *C meso chemical shift changes in Pa
F7A are in the opposite directions of those previously reported
for Ht A7F. However, on the basis of the Ht A7F results, while
the average a-pyrrole shift was expected to increase with
ruffling for Pa F7A, the average a-pyrrole shift slightly
decreased. Likewise, the average 'H meso shift moved in the
same direction in Pa F7A as in Ht A7F relative to the wild-type
proteins. Finally, the axial ligand chemical shifts of Pa WT and
Pa F7A were compared. As can be seen in Table 1, the axial
methionine (Met61) &-C'H; resonance shifts to lower
frequency in Pa F7A relative to Pa WT, but only slightly. On
the proximal side of the heme, the axial His (His16) &;-"*N and
5,-N'H resonances shift to lower frequency in Pa F7A (Table
1).

Ht Cytochrome css5, Variants. The series of Ht variants
studied was chosen on the basis of a previous EPR study
showing that heme ruffling increases in the following order:
WT < K22M < MI3V < M13V/K22M.** NMR chemical shift
data for the heme core "*C meso, a-pyrrole, and -pyrrole shifts
were collected on all four Ht variants. Chemical shifts of
selected heme substituents were also measured, including the
BC-methyl, "H methyl, and 'H meso chemical shifts. The axial
methionine (Met61) &-C'H; shift may be influenced by
ruffling, as suggested by DFT studies,® and was measured as
well. All of the above-mentioned measured chemical shifts are
strongly correlated to each other across this series of Ht
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mutants. As ruffling increases across the series, the B3C meso
and *C methyl nuclei are deshielded, while the 'H meso, 'H
methyl, *C a-pyrrole, *C B-pyrrole, and Met &-C'H; shifts
become more shielded. These results can be seen in Figure 5,
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Figure S. Chemical shift differences associated with the Ht K22M, Ht
M13V, and Ht M13V/K22M variants relative to WT. Each point
represents the value of 5(mutant) — §(wild-type). Ruffling increases as
the EPR axial term decreases (left to right). The His16 8->C chemical
shifts are reported in ref>® and the EPR parameters and associated
errors are reported in ref>*

where the difference in the chemical shifts for each of these
resonances relative to Ht WT is plotted versus the EPR axial
term, A/A, of each variant. Previous work has shown that as
long as other factors that influence the ligand-field parameters
are not significantly perturbed, the ligand-field parameters for
low-spin cytochromes ¢ with His/Met axial ligation correlate

well with the amount of ruffling, with the axial term decreasing
as the ruffling increases.>* The factors expected to change the
ligand-field parameters the most are the type and orientation of
the heme axial ligands,59 which are maintained among these
mutants, as revealed by the crystal structures of Pa WT** and
Pa F7A%® as well as NMR data on the Ht variants.*>** Notably,
a similar correlation between the ligand-field parameters and
heme ruffling has been noted in cyanide-inhibited globins.'” In
Figure §, it is apparent that all of the changes observed in the
chemical shifts of the more-ruffled Ht variants relative to the
less-ruffled variants are in the same direction as those observed
in the more-ruffled Pa F7A relative to Pa WT. This observation
demonstrates consistency in the way in which ruffling
influences the NMR chemical shifts in these Ht and Pa
variants. The chemical shift data for the Ht series of mutants are
shown in Table 2.

Analysis of Chemical Shifts. The chemical shift of a
nucleus in a paramagnetic species can be expressed as the sum
of the diamagnetic shift (6,,), which is the chemical shift in the
absence of any influence from the unpaired electron(s), and the
paramagnetic shift (8,,,,), which is a result of the hyperfine
interaction between the nucleus and the unpaired electron spin:

6obs = 5dia + 6para (1)

For low-spin cytochromes that do not undergo significant
redox-triggered structural rearrangements, the diamagnetic shift
can be approximated by the chemical shift of the Fe" species.
The paramagnetic shift can further be described in terms of a
through-space metal-centered pseudocontact term (She), a
through-bond Fermi-contact term (Spc), and a through-space
ligand-centered pseudocontact term (5pc):

(spara = 51’%C + 5FC + 5lldCC 2)
The metal-centered pseudocontact shift depends on the nuclear
coordinates in the three-dimensional magnetic axes of the metal
center, which are largely determined by the orientation of the
axial ligands with respect to the heme, and on the magnetic
anisotropy.”® The metal-centered Opseudocontact shift is
described by the following equation:**®!

515\(4;C - 3 [A)(ax (3cos® 0 — 1) + iA)(rh sin 6 cos 245]
127r 2
(©)

in which Ay, and Ay,, are the axial and rhombic paramagnetic
anisotropies, respectively, and r, 6, and ¢ are the polar
coordinates of the nucleus in the reference frame of the
magnetic axes. For nuclei many bonds from the metal center
(i.e, excluding the heme and axial ligands), the paramagnetic
shift consists solely of a metal-centered pseudocontact
component:

MC
5PC = 6para - 5dia %)

The metal-centered pseudocontact shift can then be calculated
for any nucleus using J,,,, values, the protein structure, the
magnetic axes, and the values of Ay, and Ay, according to eq
3. For Pa WT and Ht WT, the crystal structures*>>* and the
paramagnetic susceptibility tensors’> at 25 °C have been
previously determined, allowing for the calculation of the
pseudocontact shifts for all of the heme and axial ligand nuclei.
Pseudocontact shifts were calculated for heme nuclei of Pa WT,
and the results were averaged for each type of heme nucleus
(i.e., f-pyrrole *C, a-pyrrole *C, meso 'H, etc.; Table 3). This
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Table 3. Contributions to the Paramagnetic Chemical Shifts (ppm) of the Heme and Axial Ligands of Pa WT and Pa F7A“

Pa WT Pa F7A
Opara 8¢ Sec + Op¢ o &c Sec + O5¢
"H methyl 18.55 —2.87 2142 17.86 -2.73 20.59
3C methyl —58.7 —4.7 —50.9 —54.5 —4.5 —-50.0
"H meso -6.91 —8.41 1.50 -6.97 —7.60 0.63
BC meso —62.7 -19.6 —43.1 —61.5 -182 —433
3C a-pyrrole -1183 —27.7 —90.6 -1185 —262 -92.3
BC B-pyrrole -3.1 -10.0 6.9 —43 —9.1 438
Met61 e-C'H, —13.99 10.04 —24.03 —14.04 9.78 —23.82
His16 5,-"N 48.9 19.8 29.1 449 19.6 25.3
His 16 6,-N'H 5.17 10.0 —4.85 3.87 9.7 —5.87

“Average chemical shifts are reported for heme nuclei.

same calculation has been performed previously for the heme
methyl nuclei of Ht WT*® and horse cytochrome ¢.*?

Because the paramagnetic susceptibility tensor of Ht WT had
been previously determined at 25 °C,** the tensor was
determined here at 40 °C using experimentally determined
pseudocontact shifts for Ht WT (Table S4). A plot of the
calculated versus observed metal-centered pseudocontact shifts
is shown in Figure S16. The magnetic axes orientation, given in
Table S1, changed minimally from that determined at 25 °C.
The anisotropy terms in Table S1 decreased in magnitude
relative to those at 25 °C, as expected for an increase in
temperature. The results of the determination of the
pseudocontact shifts at 40 °C for the heme and axial ligand
nuclei of Ht WT and variants using the magnetic axis
parameters are shown in Tables SS and S6.

The Fermi contact term is significant only for nuclei of the
axial ligands and the heme. For unpaired electron density
delocalized in a z-system, the Fermi contact shift is increased by
positive spin density on the measured nucleus and decreased by
positive spin density on adjacent nuclei. The Fermi contact shift
is determined by the following relationship:*>*>

_ A"BgS(S + 1)
Fe ™ y1h3kBT (s)

in which A" is the hyperfine coupling constant, which can be
related to the spin density using empirical proportionali?r
constants that have been determined using organic radicals.*’
In heme, the terms used depend on the nucleus as follows:

Q H [)!I
AH IH — CH" meso
( meso) 28 (6)
H /13 C
A (1 Cmethyl) = QC'OD;;T/ZS (7)

H/13 _ C C C
A ( Cmeso) - [(S + 2’Q-CC/ + QCH)pn’a[eso
+2Qe 28 (8)
ABey) =[(8€+3Q8 + Qe + QEr |28
O)
H/13 C C C C
ABC,) = [(C+2Q8 + QSRS + Q)
C C
+ QC’Cpr::eso + QNCpIiT[]/zs (10)

In the above equations, ph.., Pf Po and pY are the spin
densities on the meso carbon, f-pyrrole carbon, a-pyrrole
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carbon, and pyrrole nitrogen, respectively. The values for the
proportionality constants used®® can be found in Table S3. If
multiple Fermi contact shifts of the heme nuclei are known, the
above eqs 6—10 can be combined with eq 5 and simultaneously
solved to estimate the spin density distribution on the core
heme nuclei, as has been performed before for other iron
porphyrins.****%® It is important to note that eqs 6—10 are
derived from simple models, assuming no deviations from the
Curie law and only z-delocalization of the unpaired electron
onto the porphyrin ligand. Therefore, the results should be
considered to be qualitative in nature.

For ferricytochrome ¢, the ligand-centered pseudocontact
shifts are insignificant for most of the protein because the spin
density lies primarily at the iron. However, for nuclei on which
there is delocalized spin density, including the porphyrin core
nuclei and some of the axial ligand nuclei, the ligand-centered
pseudocontact shift can be significant.>® The shift is
approximately proportional to the spin density at the measured
nucleus. This relationship is expressed using an empirical
proportionality constant, D:*%%¢

Spc = Dp/" (11)

The presence of a ligand-centered pseudocontact shift
necessitates the use of an additional term when fitting the
BC meso, *C a-pyrrole and "*C S-pyrrole shifts, since for these
nuclei 8¢ is significant:
MC LC

5para - §dia - 5PC = 5FC + 6PC (12)
Therefore, to fit the spin densities, the equation for the *C
meso shift combines eqgs 5, 8, and 11 and is shown below (eq
13):

PgS(S + 1)

C C C
yh3kBT ](S + 2'QCC/ + QCH)
I

(5FC + 5I}CC meso (

+Dly? +(ﬂgS(S+1)

2QSpr
meso }’Ih?)kBT ]( QCCpa)

(13)

The equations for the *C a-pyrrole and "*C f-pyrrole shifts
(egs SI and S2 in the Supporting Information) have analogous
modifications to include the ligand-centered pseudocontact
term.

By means of the above analysis, the spin density on the core
heme carbons can be determined using the chemical shifts for
the Fe'" and Fe'' states, accounting for the pseudocontact shift
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components. For the analysis, the four heme methyl 'H shifts
were averaged, as were the four *C heme methyl shifts, the
four '"H and "C meso shifts, four of the eight S-pyrrole *C
shifts, and the eight a-pyrrole "*C shifts. Averaging the NMR
chemical shifts for each atom type minimizes the influence of
an asymmetric distribution of spin densities around the heme
and allows analysis without atom-specific chemical shift
assignments. Only four of the eight S-pyrrole *C shifts were
collected and averaged from the sample enriched with
[4-C]ALA. The other four f-pyrrole *C shifts would have
required a different labeling scheme using an ALA derivative
that was not readily accessible at the time that the
measurements were made. Atom-specific assignments, although
possible,”” would be difficult and would add unnecessary
complexity to the analysis.

The results of this analysis performed for Pa WT are
presented in Table 4, where a value for D, the proportionality

Table 4. Calculated Average Spin Densities for Selected
Heme Nuclei of Pa WT and Comparison to Pa F7A

Pa WT (F7A — WT)
meso *C —0.00090 43 x 107*
P-pyrrole *C 0.012 —2.1x 107*
a-pyrrole *C 0.0044 42 x 107*
N-pyrrole *C 0.017 8.1 x 107*

constant from eq 11, was determined from the fit to the data
set. In addition, the same analysis was performed on the
chemical shift changes associated with introducing the mutation
to prepare the more ruffled Pa F7A variant, using the same
value for D that was determined for Pa WT. The results show
the change in spin density associated with the 0.4 A increase in
ruffling of the Pa F7A variant. The results are represented
pictorially in Figure 6. The same analysis was also performed
for Ht WT while also using a best fit value for D. The resulting
spin densities are shown in Table 5 along with spin density
changes associated with each of the Ht variants, using the value

a) b)

| N ,
B )f%(; o NG

~
meso “ :

Figure 6. Graphical representation of the predicted average spin
densities on the a-pyrrole carbon, f-pyrrole carbon, meso carbon, and
pyrrole nitrogen. Red and blue represent positive and negative spin
densities, respectively. The volumes of the glossy spheres are
proportional to (a) the empirically calculated spin densities in Pa
WT and (b) the spin density changes associated with the F7A
mutation. The pyrrole nitrogen is predicted in other studies to have a
mixture of positive and negative spin density, with an excess of
negative spin density. See the text for discussion.

for D determined from Ht WT. The spin density changes are
graphed in Figure 7.

B DISCUSSION

Relation to Previous Studies of Ruffled Hemes. Heme
hyperfine shifts have previously been shown to reflect heme
ruffling. In particular, the average heme methyl 'H shift has
been shown to decrease as ruftling increases in nitrophorins and
cytochromes.’* In a study that analyzed the heme chemical
shifts in Ht WT relative to a less ruffled variant, Hf A7F,’
several hyperfine shifts for the A7F variant were found to
change predictably with the decrease in heme ruffling caused by
the mutation, although the effect of the mutation on the ruffling
was quite small (0.05—0.1 A decrease in the out-of-plane
displacement of porphyrin ring atoms along the ruffling
coordinate). DFT calculations assisted in the interpretation of
the NMR results, providing a molecular orbital interpretation of
the effects of heme ruffling on the chemical shifts. Overall, the
study developed the use of NMR of heme nuclei as a qualitative
probe of heme ruffling and supported the hypothesis that
increasing ruffling decreases the heme reduction potential.®

In the current study, NMR was performed on four variants of
Ht cytochrome c,q,: WT, K22M, M13V, and M13V/K22M; the
three mutants have all been shown by EPR and NMR
spectroscopy to have increased heme ruffling compared with
the WT, although the amount of change has not been
determined.>* Second, NMR of Pa WT, along with a
structurally characterized more ruffled variant, Pa F7A, was
performed. The X-ray crystal structure of Pa F7A shows that
heme ruffling has a magnitude of 0.86 A in this mutant,
compared with 0.49 A for the wild type.**** The results here
are broadly consistent with previous work. The heme methyl
and heme meso 'H shifts move to lower frequency with
increased ruffling, and the heme methyl and heme meso "*C
shifts move to higher frequency with increased ruffling (Figure
S, Table 1, and Table 2). However, although there is broad
agreement, a few shift changes deviate from what was seen in
the previous study on the Ht WT/Ht A7F pair. The axial Met
e-C'H, shift and the a-pyrrole *C shift were introduced as
potential probes of ruffling in the previous study on Ht A7F,
and both shifts were observed to increase with an increase in
ruffling® DFT calculations performed on a heme model
reproduced the same increase in chemical shift with ruffling.
However, in the current study, the more ruffled variants (the
three Ht variants and the Pa F7A variant) displayed decreased
Met e-C'H; and a-pyrrole *C shifts. These results suggest that
complex factors determine the Met e-C'Hj shift and the a-
pyrrole 3C shift. Variations in axial ligand strength related to
the mutations or to ruffling are a factor that may complicate the
results.

In order to elucidate the complex relationships between
heme NMR shifts and ruffling, it is helpful to factor out
components contributing to the hyperfine shift. The separation
of metal-centered pseudocontact shifts from the contact and
ligand-centered pseudocontact shifts has been performed here
and allows a detailed determination of the factors influencing
changes in spin density when the ruffling is changed. The
analysis also determines how the spin density components for
each type of porphyrin nucleus contribute to the chemical shift.
The pseudocontact shifts for the mutants were determined
using the variants’ g values reported previously™* to scale the
magnetic axis parameters for the wild-type proteins, which were
determined previously for Pa WT>* and herein for Ht WT.
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Table 5. Calculated Average Spin Densities for Selected Heme Nuclei of Ht WT as Well as the Changes in Spin Density between

Ht WT and Its Variants

Ht WT (K22M — WT) (M13V — WT) (M13V/K22M — WT)
meso °C —0.0011 +3.3 x 107 +16 x 107* +24 x 107*
B-pyrrole 1*C 0.011 +0.4 x 107* -1.0 x 107* -13x 107"
a-pyrrole *C 0.0044 +4.2 x 107* +20 X 107 +30 x 107
N-pyrrole N 0.015 +8.1 x 107 +49 x 107 +69 X 107
> of Ht WT (Table S). The spin densities determined here also
5| |78 Meso A show broad agreement with analysis of spin density on a meso-
6x10 -4 B-pyrrole 2| - = . . il : . :
| |-a- epyrole $ S substlt}lte'd, low—'spm F;; —porphyrin VYth two ax1al' '1—
59 |- N-pyrrole - | x methylimidazole ligands.” Large and positive spin densities
4 § 4 are found on the f-pyrrole carbons, a moderate positive spin
& & s density is seen on the a-pyrrole carbons, and a small negative
< density is seen on the meso carbons for both proteins here
2 (Tables 4 and S and Figure 6). This agreement, along with the
i general robustness of the results to potential sources of error
(described below), provides confidence in the qualitative
0_

3.3
EPR Axial Term (A/2)

32 3.1

Figure 7. Calculated Average Spin Density Changes (Ap) Relative to
the Wild Type for the Variants of Ht Cytochrome cgs, Plotted against
the EPR Axial Term for Each Type of Core Porphyrin Nuclei®

Diamagnetic reference shifts are shown in Table S2. Results for
Pa WT and F7A are shown in Tables 6 and 7, while results for
the Ht variants are shown in Tables S7—S10.

Table 6. Contributions to the Sum of the Average Contact
and Ligand-Centered Pseudocontact Shifts (ppm) for
Selected Heme Nuclei of Pa WT*®

Phheso Phpymcle Plapymole PRepyrcle
'H meso 1.5 - - -
3C methyl - —50.9 - -
B3C meso —-6.9 - -36.2 -
BC p-pyrrole - 25.0 —-18.1 -
BC a-pyrrole 3.7 —50.9 27 —70.4

“The contributions from the spin density on each of the nuclei are
shown independently. The data shown are for Pa WT at 25 °C in units
of ppm.

Table 7. Contributions to the Chemical Shift Difference
(ppm) between Pa F7A and Pa WT, (Pa F7A — Pa WT)“

Plaeso Plpyrrole Plapyreole PRipyreole
'H meso —0.71 - - -
C methyl - 0.87 - -
BC meso 3.26 - —3.42 -
BC B-pyrrole - —0.43 -171 -
C a-pyrrole -1.76 0.87 2.55 -334

“The values take only the contributions from the contact and ligand-
centered pseudocontact shifts for heme "H and *C nuclei. The total
shift difference (Pa F7A — Pa WT) is divided according to the
contributions that arise from spin density on each of the four types of
porphyrin core nuclei. The data shown were calculated using the
difference in chemical shifts of Pa F7A and Pa WT at 25 °C in units of

Porphyrin Spin Densities. The spin density pattern on the
porphyrin macrocycle of Pa WT (Table 4) agrees well with that
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interpretation of the values obtained.

The changes observed for the porphyrin spin densities as a
result of increased ruffling were estimated for Pa F7A relative to
the WT (Table 4) as well as for the series of more ruffled Ht
variants (Table 5). The changes are consistent between the two
cytochromes, with the only notable difference being that the Ht
variants with increased ruffling display greater increases of spin
density on the meso carbon, a-pyrrole carbon, and pyrrole
nitrogen than is seen for the Pa WT/Pa F7A pair. The
observed trend between heme ruffling and empirical spin
density changes can be partially understood within the
framework of an existing molecular orbital (MO) interpretation
of ruffling>”® In cytochromes ¢, the unpaired electron
primarily lies in one of the iron d, orbitals (d,, or dyz) , with the
singly occupied d,, orbital being thermally accessible.>® The iron
d, and porphyrin 3e, orbitals (Figure 8) have the same

a2u

€g

Figure 8. Graphical representation of porphyrin orbitals showing that
the e, orbital density is primarily on the f-pyrrole carbons and pyrrole
nitrogens while the a,, orbital density is primarily on the meso carbons
and pyrrole nitrogens. The area of each circle is proportional to the
Hiickel coefficient generated with MPORPHW.”®

dx.doi.org/10.1021/ic401250d | Inorg. Chem. 2013, 52, 12933—12946



Inorganic Chemistry

symmetry, resulting in spin delocalization into the z-system to
the porphyrin S-pyrrole carbons. Ruffling of the porphyrin
raises the energy of the iron d,, orbital relative to the d, orbitals
and consequently yields an increase in d,, character of the
singly occupied molecular orbital (SOMO), which has been
observed by EPR.***” The iron d,, and porphyrin 3a,, orbitals
(Figure 8) have the same symmetry (b,) in a ruffled (D,;)
heme, resulting in a slightly different spin delocalization pattern
on the porphyrin for ruffled versus planar hemes. The
porphyrin 3e, orbital will have less spin density as ruffling is
increased, resulting in a decrease in the S-pyrrole carbon spin
density. Also, the 3a,, orbital will have more spin density,
resulting in increased meso carbon spin density.

This molecular orbital framework is consistent with the
changes observed here in the spin densities of more ruffled
variants of both Pa and Ht cytochromes c. As the ruffling is
increased, the spin densities on the f-pyrrole and meso carbons
decrease and increase, respectively, as predicted. The results
also indicate that with increased ruffling, the spin densities on
the a-pyrrole carbons increase. This experimental result for the
a-pyrrole carbons is difficult to predict from MO arguments,
since both the 3e, and 3a,, orbitals have small and roughly
equal amounts of spin density on the a-pyrrole carbons, which
would cause a decrease and increase in spin density,
respectively, as the ruffling is increased according to the
model described above. The spin density on the pyrrole
nitrogens is also predicted here to increase in the more ruffled
variants of Pa and Ht cytochrome ¢, a result that would also be
difficult to predict from MO arguments since both the 3e, and
3a,, orbitals have significant electron density on the pyrrole
nitrogens. However, ESEEM (or HYSCORE) studies show a
decrease in the hyperfine couplings of the pyrrole nitrogens
upon an increase in ruffling, indicating that a different
interpretation is needed.'"” Indeed, DFT models show a
complex spin density on the pyrrole nitrogens with an excess
of negative spin density;69 these calculations are consistent with
pulsed EPR studies of low-spin ferric porphyrins that indicate
negative spin density on the nitrogens.”~”> Thus, the simple
model applied here cannot provide a reliable prediction of spin
densities on the pyrrole nitrogens and how they respond to
changes in ruffling.

Contributions to the Hyperfine Shifts of Heme Nuclei.
Heme Methyls. The relationships between ruffling and 'H and
3C NMR shift trends for both Pa F7A and the Ht series of
variants are consistent with previous work by Liptak et al.’
(Tables 1 and 2). The methyl carbons attached to the f-
pyrroles are outside of the porphryin z-system, and the ligand-
centered pseudocontact shift is expected to be small.>?
However, the amount of ligand-centered pseudocontact shift
should be proportional to and have the same sign as the spin
density at the f-pyrrole carbons, making it extremely difficult to
separate these contributions. Spin polarization occurs as a result
of the large spin density on the f-pyrrole carbon that results
from the overlap between the d, (d,, dyz) orbitals and the
porphyrin 3e, orbital. Therefore, the hyperfine shifts of the BC
methyl resonances are negative. The heme 'H methyls are
removed from the porphyrin by a second nucleus and therefore
are deshielded via a spin polarization mechanism.”” With
increased ruffling, the spin density on the f-pyrrole carbons
decreases, and as a result, the average '*C methyl chemical shift
increases and the average 'H methyl shift decreases. This
pattern is observed in both Pa F7A and the Ht variants (Tables
1 and 2). In both the Pa and Ht variants, the change in the

metal-centered pseudocontact shift has only a small effect,
slightly exaggerating the increase in chemical shift of the *C
methyls and slightly moderating the decrease in chemical shift
of the 'H methyls upon an increase in ruffling (Tables 3, SS,
and S6).

Heme Mesos. In Pa WT, the '*C mesos are shielded relative
to the diamagnetic region as a result of spin polarization®** and
become slightly less shielded in the more ruffled Pa F7A. This
same trend in the meso *C chemical shift is seen in the Ht
series of variants, which are more ruffled relative to Ht WT.
This may be attributed to an increase in the d,, character of the
SOMO, as shown previously.”** Increased d,, character would
increase the distribution of spin density in the porphryin a,,
orbital, which has electron density primarily on the pyrrole
nitrogens and meso carbons.®® However, the results show that
an increase in spin density on the meso carbons is only partially
responsible for the chemical shift changes (Tables 7 and S8—
$10). The increase in the meso '3C shift as a result of increased
meso carbon spin density is offset by spin polarization from the
neighboring a-pyrrole carbons, which have increased spin
density with increased rufiling. The two opposing influences are
similar in magnitude (Tables 7 and $8—S10), and the overall
increased '*C meso shift in the more ruffled variants of Pa and
Ht cytochromes ¢ is observed only as a result of a decrease in
the contribution of the metal-centered pseudocontact shift
(Tables 3, S5, and S6).

The 'H meso shift is likewise determined by competing
influences that are similar in magnitude, as previously noted.”
In Pa F7A, the pseudocontact shift for the meso positions
becomes less negative as a result of increased rufling, moving
the average 'H meso shift to higher frequency. However, the
increase in meso carbon Fermi contact spin density on the
more ruffled Pa F7A causes a more shielded contact shift. The
two competing influences are similar in magnitude (Table 7),
explaining why the 'H meso shifts do not move predictably
with changes in ruffling. Indeed, in both the Ht A7F and Pa
F7A variants, the average '"H meso shift is more shielded
relative to the WT, despite the fact that Ht A7F decreases and
Pa F7A increases heme ruffling. In the Ht series of variants as
well as the Pa F7A variant, a decrease in the average 'H meso
shift (Tables 1 and 2) demonstrates that as the ruffling changes,
the change in contact shift tends to slightly dominate relative to
the change in pseudocontact shift for these systems.

Core Heme Carbons. In Pa F7A, a small change of —0.1
ppm relative to Pa WT is observed in the average a-pyrrole
shift. Across the Ht series, a large decrease in a-pyrrole shift
(—12 ppm) is observed with an increase in ruffling. Moreover,
these shift changes occur in the opposite direction, as predicted
by DFT and measured in Ht A7F.> Therefore, the a-pyrrole
BC shifts do not seem to change predictably with ruffling,
indicating complexity in the effect of ruffling on the a-pyrrole
13C shifts, as noted above, and the likelihood that other factors
contribute.

This complexity is reflected in the determination of the
hyperfine shift components for Pa F7A relative to Pa WT
(Table 7) and for the Ht series of variants relative to Ht WT
(Tables S8—S10). An increase in the a-pyrrole *C shift in the
Pa F7A variant results from increased spin density on the a-
pyrrole carbon, a decrease in spin density on the neighboring f-
pyrrole carbon, and a change in the §)¢ component (Tables 3,
7, and S5—S10; Figures 6 and 7). However, the spin densities
on both the neighboring meso carbon and pyrrole nitrogen
increase in the more ruffled cytochrome variants. Both spin
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density changes contribute to a decreased a-pyrrole *C shift.
The magnitudes of all of the chemical shift components are
such that small changes in the relative magnitudes of the
various components could affect the direction and magnitude of
how ruffling influences the a-pyrrole *C shift. This is our
proposed basis for the discrepancies between the chemical shift
changes observed with ruffling for Ht A7F, Pa F7A, and the Ht
series studied in this work. The observed decrease in the
average ff-pyrrole *C shifts with increased ruffling was expected
on the basis of the decrease in spin delocalization of the
porphyrin 3e, orbitals. However, the larger contribution to the
decrease in chemical shift was found to be the increased a-
pyrrole carbon spin density (Tables 7 and S8—S10). The spin
density pattern and how the spin density responds to heme
ruffling are illustrated in Figure 9.

TH-methyl
positive
)
I
'H-meso 13C-methyl
negative negative
(n.c.) (T)

|
BC-meso B-pyrrole
negative negative

™) )

a-pyrrole
negative

(n.c.)
I

N-pyrrole
I

Fe(IT)

Figure 9. Spin density pattern and connectivity of heme nuclei.
“Positive” and “negative” indicate the sign of the hyperfine shifts
determined from this work, and (+) and (—) indicate an increase (to
higher frequency) and a decrease (to lower frequency) in shifts
induced by ruffling, respectively. “n.c.” means not consistent; different
directions of change of these shifts with increased heme ruffling were
observed in different proteins in this study.

Comparison of the Ht and Pa Variants. The measure-
ment of heme chemical shifts for variants of two different
cytochromes ¢ increases confidence in the generalizability of
these results. Indeed, the delocalized spin densities on the
porphyrin ligand nuclei for Pa WT and Ht WT are similar
(Tables 4 and S). It is possible that the chemical shift changes
interpreted in this work are influenced by subtle changes in
protein environment or axial ligand interactions rather than by
ruffling. However, the same chemical shift trends as a function
of ruffling are observed in both the Pa F7A variant and the Ht
series of variants for most nuclei measured. Therefore, it is
more likely that ruffling is indeed the major factor influencing
the observed heme chemical shift changes. However, there
exists some discrepancy in the magnitudes of the chemical shift
changes between the Ht series and Pa F7A. The a- and p-
pyrrole BC shift changes associated with the Ht series of

mutants herein are much larger than for the Pa F7A mutation.
It is unlikely that this is explained only by a larger increase in
ruffling along the Ht series of variants than for Pa F7A, since if
the chemical shift change were proportional to the change in
ruffling, the Ht M13V/K22M variant would have to be far more
ruffled than any cytochrome ¢ previously observed. The larger
chemical shift changes seen for the Ht series are caused by
larger increases in the pyrrole nitrogen, a-pyrrole carbon, and
meso carbon spin densities with ruffling. Since the signs of the
chemical shift changes are the same for Pa F7A and the Ht
series, the spin densities can be expected to change in the same
direction. The origin of the different magnitudes of the spin
density changes is not known, but the difference reveals that
heme chemical shift changes may not correlate quantitatively to
changes in heme ruffling across different species of proteins,
although the directions of the changes are expected to be
predictive of changes in ruffling. Interestingly, changes in the
average 'H methyl shift do not perfectly correlate with changes
in the average '*C methyl shift, specifically in the comparison of
Ht K22M with Ht WT and of Ht M13V with Ht M13V/K22M
(Table 2). The heme meso *C shifts follow the same trend as
the heme "*C methyl shift. However, when NMR data from the
Pa WT, Pa F7A, the Ht series of variants, and Ht A7F° are all
analyzed, the average 'H heme methyl shift seems to be the
best measure of ruffling, providing a consistent general
correlation with ruffling in magnitude and direction for all of
the variants studied.

Robustness of the Results. The value for D, the
proportionality constant between the spin density and the
ligand-centered pseudocontact shift (eq 11), was calculated
herein to be —2872 ppm per electron spin for Pa WT and
—1279 ppm per electron spin for Ht WT. The literature value
for an S ="'/, Fe' porphyrin in the same electron configuration
is —6567 ppm per electron spin.’*> A meso-substituted
porphyrin was used in the literature determination, contrasting
with a p-substituted porphyrin used in this work. This
difference in porphryin structure may account for the
discrepancy in the literature D value from Goff and those
from this work. However, there still exists a large difference
between the calculated D values of the Pa and Ht proteins. The
difference in the D value determined could be a result of
approximations made in this study. The hemes in this study,
because of the substituents and the protein environments, are
not fourfold-symmetric, yielding different chemical shifts for
each nucleus. For the meso protons, meso carbons, and a-
pyrrole carbons, the nuclei are related by a fourfold symmetry
axis, so the average 5, + Opc term is expected to accurately
determine the average spin density. However, the heme methyl
carbons are distributed asymmetrically around the heme.
Therefore, using the four methyl substituents to calculate the
average spin density on all eight S-pyrrole carbons introduces
some error. Second, an approximation was necessary to
calculate the average f-pyrrole *C shift: only four of the
eight f-pyrrole *C shifts were measured, and the average &, —
S4a — OB for these four S-pyrrole carbons was used to
approximate the average Spc + Op& of all eight B-pyrrole shifts
used for the spin density calculations. This approximation was
made because measurement of the other four S-pyrrole shifts
would require a different labeling scheme and therefore a
different synthesis of ALA. Nevertheless, the large difference
between the values of D determined here for the two proteins
and in previous work by Goff suggests that there are as-yet
unknown factors that influence the hyperfine shift.
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For the analysis, the calculated value of D was found to be
sensitive to changes in the magnitude of the '*C methyl and
3C B shifts, which may account for some of the difference
between the calculated and literature values. However, the
overall calculated spin densities were not significantly affected,
since the spin densities are related primarily to the signs and
relative magnitudes of all five nuclear shifts, including the 'H
meso, *C meso, *C methyl, *C a-pyrrole and *C S-pyrrole.
The calculated spin densities are not sensitive to changes in the
shifts of any one nucleus in particular.

Effect of Ruffling on Pseudocontact Shifts. A change in
heme ruffling may alter pseudocontact shifts by changing the
positions of nuclei within the paramagnetic anisotropy tensor
or by changing the magnetic anisotropy. To determine whether
the change in heme structure is sufficient to significantly alter
the pseudocontact shifts of peripheral heme nuclei, the crystal
structures reported for Pa WT (PDB entry 351C)* and Pa
F7A (PDB entry 2EXV)*® were used for calculations of
pseudocontact shifts for the nuclei analyzed in this study. The
shifts were calculated for each protein using both structures,
and the resulting changes in the spin density differences
between Pa F7A and Pa WT were reevaluated. It was found
that the pseudocontact shifts are not significantly affected by
the change in heme structure observed between the crystal
structures of Pa WT and Pa F7A, assuming that the magnetic
axes and anisotropies remained unaltered.

The orientation of the magnetic axes is not expected to
change significantly with ruffling, since this is determined
primarily by the orientation of the axial ligands,” which are the
same in the two crystal structures. However, the values for Ay,,
and Ay, can be expected to differ on the basis of the
differences in g values measured by EPR (e.g., 3.20, 2.06, and
123 for Pa WT; 3.15, 2.09, and 1.15 for Pa F7A).>* The
differences in Ay,, and Ay, can be estimated from the g values
to provide the best estimate of the effect of the Pa F7A
mutation on the metal-centered pseudocontact shift. The
magnetic anisotropy terms cannot be calculated directly from
the g values because of a large second-order Zeeman
correction.”* However, since the values of Ay, and Ay, are
known for Pa WT, and the g values are known for both Pa WT
and Pa F7A, a simple scaling can be performed to estimate Ay,
and Ay, for Pa F7A from the g values. The scaling assumes
that the second-order Zeeman correction is proportional to the
first-order Zeeman term, which has been calculated from the g
values according to the literature.” This same estimation of the
metal-centered pseudocontact shifts was performed for the Ht
variants studied in this work using the EPR g values from the
literature,®* and the resulting estimated anisotropy terms are
shown in Table S1. The resulting estimated metal-centered
pseudocontact shifts assuming no change in magnetic axes are
compared for Pa F7A and Pa WT in Table 3 and for the Ht
variants relative to Ht WT in Tables SS and S6. The results
show that ruffling has a small effect on the pseudocontact shifts
of the heme nuclei relative to the changes in contact and ligand-
centered pseudocontact shifts. The changes observed are
consistent with an increase in rhombicity in the more ruffled
variants.

Ruffling and Axial Ligand Bonding. The axial His
chemical shifts have previously been measured and analyzed for
the Ht series.*>>® The chemical shifts demonstrate an overall
increase in the anionic, or histidinate, character of His16 along
the Ht series. This histidinate character is correlated with an
increased His16—Fe bond strength, as revealed by published

work.>® In particular, the His16 $-'>C shift (Figure 4) of the
oxidized protein correlates well with the redox potential and is
plotted versus the EPR axial terms in Figure Sa, showing a clear
trend where the more ruffled variants have a decreased His16
p-83C shift. Furthermore, as the Hisl6—Fe™ interaction
strengthens and the histidinate character increases, the chemical
shifts of the Hisl6 5-N and 6-'H nuclei decrease as
predicted.*>”> This observed correlation between ruffling,
axial ligand shifts, and heme redox potential provides support
for the hypothesis that a change in ruffling modulates the redox
potential and may also influence the axial ligand interactions
with the heme iron. For the variants studied here, an increase in
ruffling correlates with an increase in the His16—Fe™
ligand bond strength. For heme proteins that bind exogenous
ligands, this may be a part of the mechanism by which ligand
binding properties can be modulated by the protein.'” As the
axial His becomes a better donor, the iron Z. decreases,
increasing the energies of the Fe orbitals and influencing the
binding to ligands.”®

The mutations made in this work are on the proximal side of
the heme, suggesting that the changes to the axial Met61 &-
C'H, hyperfine shift are indirect as a result of the changes in
heme conformation or a result of a change in the His16—Fe'
interaction. The analysis of the Spe values for both Pa WT and
Pa F7A demonstrates that the axial Met hyperfine shift change
with ruffling is primarily a result of the Fermi contact
contribution. Among the proteins studied here, the Fermi
contact contribution to the axial Met61 &-C'H, shift increases
with increased ruffling, which is the opposite trend as predicted
by an earlier DFT analysis.” A weakening of the Met61—Fe™
bond is expected when considering the trans effect with a
stronger His16—Fe'™ interaction occurring across the series,58
which would decrease the Fermi contact shift on Met61. The
basis for the observed trend is not currently understood.

It has been proposed that the redox potential is lowered by
increased heme ruffling.>”'® This correlation is observed for
the variants studied in this work. Pa F7A, Ht K22M, Ht M13V,
and Ht M13V/K22M have previously been determined to have
lower redox potentials relative to their respective WT proteins,
and among the Ht series of mutants, the potential decreases as
ruffling increases.*>”” The results here support a general trend
between increased ruffling and decreased redox potential.

axial

Bl CONCLUSIONS

Heme chemical shifts of variants of two different bacterial
cytochromes ¢ demonstrate that ruffling influences low-spin
Fe(III) heme hyperfine NMR shifts in a way that is predictable
and well-understood for most heme nuclei. An analysis of the
metal-centered pseudocontact, ligand-centered pseudocontact,
and Fermi contact shifts shows how ruffling influences each of
these components for heme nuclei. The paramagnetic shifts
were analyzed to evaluate delocalized spin densities on the
porphyrin ring, demonstrating that an increase in ruffling
decreases the spin density on the pf-pyrrole carbons while
increasing the spin densities on the meso carbons and a-pyrrole
carbons. In addition, heme ruffling correlates with the axial
histidine chemical shifts, with an increase in ruffling correlating
with an increase in the axial His—Fe" bond strength. This
provides further evidence that heme ruffling may influence axial
ligand bonding properties that are important for the function of
many heme proteins.
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