
Paramagnetic NMR Spectroscopy of Microperoxidase-8

Donald W. Low,† Harry B. Gray,* ,† and Jens Ø. Duus*,‡

Contribution from the Beckman Institute 139-74, California Institute of Technology,
Pasadena, California 91125, and the Department of Chemistry, Carlsberg Laboratory,
Gamle Carlsberg Vej 10, DK-2500, Valby, Denmark

ReceiVed August 22, 1996X

Abstract: Microperoxidase-8 (MP8) is the heme octapeptide derived from enzymatic proteolysis of horse-heart
cytochromec. Not only is MP8 a functional peroxidase (it catalyzes the oxidation of various substrates by hydrogen
peroxide), it has also served as a useful calibration for the interpretation of the electronic spectroscopic properties of
heme proteins. NMR structural characterization of MP8 has been difficult, owing to extensive aggregation at millimolar
concentrations. We have obtained well-resolved1H and13C NMR spectra of monomeric ferric MP8-CN in mixed
aqueous-organic solvent mixtures containing excess cyanide. Most peptide resonances were assigned by through-
bond correlations using TOCSY spectra; heme resonances were identified largely by through-space correlations
using NOESY spectra. HMQC spectra were interpreted with the aid of proton assignments to identify13C resonances.
Most peptide resonances appear within the diamagnetic region and are very sharp, the exceptions being resonances
associated with the His18 residue. Protons on the His18 imidazole ring exhibit very broad resonances, reflecting
efficient relaxation. The signals of heme substituents are shifted outside of the diamagnetic envelope, with heme
methyl resonances appearing between 10 and 25 ppm. The pattern of MP8-CN heme methyl resonances bears a
striking resemblance to those of intact cyanoferric hemec protein derivatives. Large amide-proton/R-proton coupling
constants and interresidue NOE contacts were found between residues 14 and 18, while moderate amide-R coupling
constants were found between residues 19 and 21. The imidazole group of His18 remains coordinated to the ferric
center in MP8; and the pattern of heme methyl resonances confirms that a fixed axial imidazole orientation is preserved
in the isolated heme active site. The observed interresidue NOE’s and amide-H/HR proton coupling constants
indicate that His18 is part of a rigid loop of five residues anchored to the heme that serves to orient the axial imidazole,
while residues 19-21 form a flexible C-terminal domain.

Introduction

Microperoxidase-8 (MP8), the heme octapeptide derived from
enzymatic cleavage of horse heart cytochromec (h-cyt c), has
been employed as a functional model for heme-containing
enzymes.1 The MP8 porphyrin is covalently attached to residues
14-21 of the protein (Cys Ala Gln Cys His Thr Val Glu)
through thioether linkages at positions 14 and 17; in addition,

the imidazole of His18 binds axially to the iron, leaving the
sixth coordination site to be occupied by exogenous ligands such
as water or cyanide (Figure 1).2-7 The resting state of MP8
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features an exchangeable aquo or hydroxo ligand,2,8 closely
analogous to the active-site water in met myoglobin and Ala80
cytochromec.9 Microperoxidases have attracted attention not
only as oxidation catalysts,10 but also because of a growing
number of sensor applications based on spectroscopic changes
induced by exposure to hydrogen peroxide.11

The heme of MP8 has been characterized extensively by
spectroscopic methods.5,6,12-16 One method that potentially
could reveal information about both the octapeptide conforma-
tion and the heme electronic structure is paramagnetic NMR
spectroscopy.17-19 However, the NMR spectra of MP8 in
buffered aqueous solutions are very poorly resolved, owing to
extensive aggregation and the presence of a high-spin iron
center. These problems can be overcome by making measure-
ments on the low-spin ferric-cyanide derivative3 in methanolic
solutions. Indeed, we have obtained highly resolved1H and
13C NMR spectra of MP8 under these conditions. Analysis of
the results suggests that the loop formed by residues 14-18 is
extremely rigid and retains the gross structural features of the
intact cytochrome, including a fixed axial ligand orientation.

Results and Discussion

Addition of excess sodium cyanide to a brown methanolic
solution of MP8 results in a deep red species whose electronic
absorption (Soretλmax 410 nm) and resonance Raman (441.6

nm excitation,ν4 ) 1373 cm-1, ν3 ) 1503 cm-1, ν2 ) 1585
cm-1, ν10 ) 1642 cm-1) properties are typical of a low-spin
(S) 1/2) heme.20 The 250-MHz 1-D1H NMR spectrum of a
5 mM solution of MP8-CN in 90% MeOH-d4/10% H2O at 300
K is shown in Figure 2. Spectra taken of samples of MP8-CN
in buffered aqueous solutions feature broad peaks that suggest
extensive aggregation in solution, while spectra obtained from
methanolic solutions have sharp spectral features, indicating
minimal aggregation. The spectrum of MP8-CN features several
peaks shifted well out of the diamagnetic envelope due to the
effects of the paramagnetic ferric ion. The heme methyl
substituents resonate between 10 and 25 ppm, a region typical
for analogousS) 1/2 met-cyano heme proteins.21 The heme
substituents are expected to exhibit only dipolar couplings to
each other, and therefore NOESY spectroscopy was employed
to assign their resonances (Table 1). A NOESY spectrum with
a 200 ms mixing time features a self-consistent set of NOESY
cross peaks, leading to an unambiguous assignment of the heme
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Figure 1. (A) Structure of h-cytcwith heme and residues 14-21 highlighted (coordinates from ref 7). (B) Fragment of h-cytc structure corresponding
to MP8. (C) Orientation of the His18 imidazole in h-cytc.

Figure 2. 250-MHz 1H-NMR spectra of MP8-CN (5 mM MP8, 15
mM NaCN) in methanol-d4 at 300 K before (upper spectrum) and after
(lower spectrum) the addition of 10% H2O. Heme methyl resonances
are labeled A-D; paramagnetically shifted His18 resonances are labeled
E-G; γ, â, andδ meso proton resonances are labeled H, I, and J,
respectively. Resonance K is due to the heme 4R proton.
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substituents (Figure 3). The 3-proton-intensity signals at 16.4
and 23.2 ppm both show a dipolar coupling to the upfield shifted
1-proton signal at-0.99 ppm, and are therefore assigned to
the methyl groups at positions 1 and 8 and theδ-meso proton,
respectively. The methyl resonance at 21.7 ppm exhibits dipolar
connectivities to a 1-proton signal at-0.86 ppm (â-meso) and
methylene protons at 3.42 and 4.36 ppm, and therefore is
assigned as the 5-CH3. The methyl resonance at 10.6 shows
the dipolar connectivities expected for the 3-CH3, with cross
peaks to a 1-proton singlet at 4.67 ppm (R-meso) and to the
4â-CH3. The resonance at 23.2 ppm exhibits a NOESY cross
peak to protons assigned to a propionate methylene unit,
establishing its identity as the 8-CH3.

The observed pattern of heme substituent chemical shifts is
very similar to those observed in the cyanide-bound forms of
Saccharomyces cereVisiae Ala80 iso-1-cytochromec (Ala80-
y-cyt c), h-cyt c, and MP11 (Table 2). The methyl groups of
MP8 resonate with a mean shift of 17.99 ppm and a spread of
12.3 ppm, compared with a mean shift of 17.1 ppm and a spread
of 11.3 ppm for MP11, and a mean shift of 17.1 ppm and spread
of 11.2 ppm for met-cyano Ala80-y-cytc.22-24 The chemical
shift dispersion and mean chemical shift of the heme methyls
are largely determined by the fixed orientations of the heme

axial ligands. Freely rotating or axially symmetric ligands result
in relatively small values for mean shift and spread: ferric hemin
imidazole cyanide has a spread of only 4.6 ppm and a mean
methyl shift of 11.0 ppm.25 After the replacement of methionine
with an axially symmetric ligand such as cyanide, the imidazole
orientation is then the primary factor in determining the rhombic
axes. The similarity of the results for cyanide derivatives of
MP8, Ala80-y-cytc, and h-cytc indicates a common fixed
imidazole orientation in the hemec systems with the imidazole
ring plane aligned with theR andγ meso positions. Our finding
that the gross orientation is preserved even in the absence of a
large portion of the polypeptide chain, including Pro30, reported
to provide a hydrogen bond to the imidazole,26 suggests that
the rigid loop of residues 14-18 fixes the orientation of the
axial imidazole, modulating the distribution of heme spin
density.

13C NMR spectroscopy has been employed to investigate
paramagnetic heme systems.27-30 Studies have focused on heme
methyl chemical shifts, since, to a first approximation, dipolar
contributions to their chemical shifts may be neglected and only
the contact contribution from the iron need be considered. An
HMQC spectrum of MP8-CN in methanol-d4 is shown in Figure
4. The paramagnetic shifts felt by heme substituents in MP8
are paired: substituents on opposite sides of the porphyrin ring
experience similar paramagnetic shifts (Figure 5). Turner has
observed a similar phenomenon in the13C spectra of ferricy-
tochromec3, in which axial imidazoles are found oriented along
theR-γ meso axis.28 An examination of the crystal structure
of native cytochromec reveals that the histidine in this case is
also oriented along theR-γ meso axis;7 and our data confirm
that this orientation is preserved even in the MP8 active site.
All of the resonances from the peptide portion of MP8 except

those of His18 fall within the diamagnetic region, and assign-
ments were made with a combination of 2-D TOCSY and
NOESY methods (Table 1B). Isolated spin systems were
located in TOCSY spectra corresponding to each of the eight
amino acid residues (Figure 6). In neat MeOH-d4 solutions,
no resonances are observed due to amide protons; however, upon
addition of 10% H2O to methanolic solutions, 9 new resonances
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Table 1. 1H Chemical Shifts

(A) Heme Substituents

substituent δ (ppm) substituent δ (ppm) substituent δ (ppm)

1-CH3 16.41 4â-CH3 0.27 γ- meso 8.09
2R-H 0.89 â-meso -0.86 7R-CH2 4.20, 4,68
2â-CH3 0.74 5-CH3 21.73 7â-CH2 1.05, 1.20
R-meso 4.67 6R-CH2 3.42, 4.36 8-CH3 23.24
3-CH3 10.57 6â-CH2 0.81, 0.91 δ-meso -0.99
4R-H -0.63

(B) Peptide Resonances (ppm)

residue amide R â1 â2 γ other

Cys14 2.82 2.71 3.12
Ala15 5.61 1.90
Gln16 10.36 4.39 1.85 2.01 2.28 6.76, 7.42
Cys17 7.87 5.36 1.05 2.31
His18 11.16 9.39 8.72 11.80
Thr19 9.74 5.49 4.98 1.91
Val20 9.08 4.95 2.69 1.48 1.52
Glu21 8.46 4.71 2.42 2.54 2.72

Figure 3. 600-MHz NOESY spectrum of MP8-CN in methanol-d4 at
300 K (200 ms mixing time).

Table 2. Comparison of Heme Methyl1H Chemical Shiftsa

mean shift
(ppm)

dispersion
(ppm)

MP8-CN 17.99 12.3
MP11-CN 17.14 11.3
Ala80-y-cytc-CN 17.10 11.2
ferric hemin-Im-CN 11.03 4.6

methyl chemical shift (ppm)

MP8-CN (8) 23.2; (5) 21.7; (1) 16.4; (3) 10.6
Ala80-y-cytc-CN (8) 22.5; (5) 19.5; (1) 15.4; (3) 11.3

a 1H δ values for MP11-CN, Ala80-y-cytc-CN, and ferric hemin-
Im-CN from refs 22-24.
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are observed in the 5-10-ppm region where amide proton
resonances are expected, and these are assigned to the amide
protons of Cys14, Gln16, Cys17, His18, Thr19, Val20, and
Glu21. Amide proton resonances from residues within the
region of the peptide loop anchored to the heme show
informative amide-R J couplings: Cys17,3J ) 11 Hz; Gln16,
3J ) 4.7 Hz; His18,3J ) 7.7 Hz. For comparison, coupling
constants were calculated using the Karplus relation;31 torsional
angles were taken from the crystal structure of h-cytc.7

Reasonable agreement between calculated and experimentalJ
values was found for amide protons in the 14-18 loop,
providing additional support for our finding that the structure
of this loop in native cytochrome is retained in the peptide (Table
3). Dipolar couplings observed between heme thioether sub-
stituents are consistent with rigid conformations at heme
positions 2 and 4: strong NOESY cross peaks are observed
between the 2â CH3 and the 1-CH3 and a medium intensity
cross peak is observed between the 2R methine and theR-meso
protons. The 4R methine proton shows a strong cross peak to
the â-meso proton and the 4â CH3 dipole couples strongly to
the 3-CH3. Eleven interresidue NOESY cross peaks and eleven
additional cross peaks between peptide and heme substituents
were located and qualitatively classified in spectra taken in 90%
MeOH-d4/10% H2O solutions (Table 4). NOESY spectra of
Ala80-y-cytc feature four cross peaks from heme pyrrole and
meso substituents to peptide residues in the loop region.24 Three
of these involve cysteineR andâ protons on the peptide; these
also appear in NOESY spectra of MP8-CN. The fourth contact
involves theε andγ protons of Gln16, and its absence in spectra
of MP8-CN is likely due to a change in the conformation of
the flexible side chain. At least one sequential interresidue NOE
was found to each of the amino acid residues except His18. Of(31) Karplus, M.J. Chem. Phys.1959, 30, 11-15.

Figure 4. 600-MHz 1H-13C HMQC spectrum of 5 mM MP8-CN in
methanol-d4 at 300 K.

Figure 5. Estimated paramagnetic13C chemical shifts of heme
substituents.

Figure 6. 600-MHz TOCSY spectrum of 5 mMMP8-CN in methanol-
d4 at 300 K (80 ms spinlock time, DIPSI spinlock).

Table 3. Amide-H-HR Coupling Constants

residue
∠ NH-HR
(deg)a

calcdJHH′
(Hz)b

obsdJHH′
(Hz)

Gln16 -124.4 4.7 4.7
Cys17 178.3 9.7 11.0
His18 143.0 7.1 7.6
Thr19 178.4 9.7 7.3
Val20 171.7 9.6 8.3
Glu21 -149.1 7.8 7.3

a From the crystal structure of h-cytc (ref 7). bCalculated using the
Karplus equation (ref 31) and H-N-C-H torsional angles obtained
from the h-cytc crystal structure (ref 7).

Table 4. Heme-Peptide NOE and Interresidue Contacts

(A) Heme-Peptide NOE Contacts

heme
substituent

peptide
substituent

intensity
classificationb

2R Cys14R M
2â Cys14R W
2R Cys14â1 Wa

R-meso Cys14R Wa

3-CH3 Cys14R M
3-CH3 Gln16γ M
3-CH3 Gln16â2 W
3-CH3 Gln16 NH VW
4R Cys17â1 M*
â-meso Cys17â1 VW
4â Cys17â VW

(B) Interresidue NOE Contacts

peptide substituents
intensity

classification

Cys14â1-Ala15R, W
Ala15R-Gln16 NH, W
Gln16R-Cys17ΝΗ, W
Cys17 NH-His18 NH, W
Thr19R-Val20ΝΗ, S
Thr 19â-Val20 NH, W
Val20R-Glu21ΝΗ, W
Val20â-Glu21ΝΗ, VW
His18â1-Ala15â, W
His18â1-Ala15R, M
His18 NH-Ala15R, W
Cys17 NH-Ala15R, W

aCorrelation also found in Ala80-y-cytc (ref 24). b VW ) very
weak, W) weak, M) moderate, S) strong.
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the eleven interresidue NOE correlations found, eight arise from
contacts within the Cys-Ala-Gln-Cys-His region, consistent with
a rigid loop conformation. Two sets of resonances from Ala15
and His18 show NOE contacts across the 14-18 loop. Similar
intermediate-range NOESY contacts are found between residues
15 and 18 of Ala80-y-cytc and oxidized h-cytc.32,33 Outside
the loop formed by residues 15-18, Val20 was found to have
a large amide-R coupling, 8.7 Hz, and the other amide protons
show couplings to neighboringR protons of approximately 7
Hz, typical of fast rotational averaging on the NMR time scale,
consistent with a more flexible C-terminal peptide domain.34

While the orientation of the methionine in native cytochrome
c is believed to be the major determining factor in heme
electronic asymmetry, recent work has shown that the fixed
histidine orientation may also be important.28 Heme electronic
asymmetry could play a role in electron transfer by modulating
the electronic coupling to the heme iron,35 suggesting a
functional role for imidazole orientation in these reactions.
Immobilization of an axial ligand also will minimize changes
in metal-ligand bond lengths and lower the inner-sphere
reorganization energy associated with oxidation or reduction
of the heme.36 The heme and loop region 14-18 comprise a
minimal heme active site that retains structural integrity even
when isolated from its protein matrix, as reflected in the protein-
like NMR spectroscopy of MP8. This rigid loop is highly
conserved amongc cytochromes and perhaps has evolved to
orient the axial imidazole along theR-γ meso axis and
modulate electron flow through the protein.

Experimental Section

Preparation of Ferric MP8-CN. Microperoxidase-8 was prepared
by peptic and tryptic digestion of h-cytc (Sigma) and purified by
reverse-phase FPLC as described previously.37 A three-fold excess of
solid sodium cyanide was added to NMR samples. Methanol-d4 and
D2O were used as received from Cambridge Isotopes.
NMR Spectroscopy. 1H NMR experiments were performed at

250.13 (DRX 250) and 600.13 MHz (AMX 600) on Bruker instruments,

both with VTU2000 temperature control units; 1D13C spectra were
obtained on an AM 500 spectrometer operating at 125.7 MHz. Accurate
temperature control proved to be important for stability in 2D
experiments, as several signals are very temperature sensitive. All
experiments were done at 300 K. Assignments were made using Pronto
software (Carlsberg) on Silicon Graphics Indigo workstations.38 All
experiments were performed with presaturation of the water signal by
Gaussian-shaped selective pulses offset from the carrier frequency by
phaseramps, using built-in Bruker software. One-dimensional1H
spectra were acquired using sweep widths up to 20000 Hz at 600 MHz
and 12500 Hz at 250 MHz. Two-dimensional1H spectra were obtained
with sweep widths of 17850 Hz in both dimensions at 600 MHz, 4K
points in F2, and 1K points in F1. The data were processed using
standard Bruker software with zero filling to a final size of 2K× 2K
complex points, and the data were multiplied by shifted squared sinebell
windowfunctions prior to Fourier transform. NOESY spectra39 were
obtained with several mixing times from 50 to 300 ms, a presaturation
time of 900 ms, and 32 to 48 scans per increment. TOCSY spectra
were obtained using a DIPSI spinlock40 with a spinlock power of 6000
Hz, a spinlock time of 80 ms, and 40 scans per increment. For both
types of 2D spectra, quadrature detection in F1 was done by the Ruben-
States-Haberkorn method.41 Nonselective1H T1 measurements42were
made both at 250 and 600 MHz using the inversion-recovery method
and 16 different delays from 100µs to 5 s, with a 5-s delay between
scans. The data were analyzed using standard Bruker software with a
3-variable parameter fit. Estimates ofT2 relaxation times were made
with a CPMG sequence43 fitting the data to a single exponential decay.
Assignments of13C data were based on 2D HMQC spectra measured
both at 250 and 600 MHz. The sweep width in F1 was 42000 Hz at
the 150.9 MHz resonance frequency for13C on the AMX600 and this
was covered by 256 points using TPPI quadrature detection44 and 420
scans per increment. The points were extended to 512 real points prior
to Fourier transform by linear prediction and zero filled to a final size
of 2K × 2K complex points.
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