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Abstract: Proton magnetic resonance assignments of protons from peripheral heme substituents have been carried out for
two low-spin forms of cytochrome ¢ peroxidase: CcP-CN and CcP-N;. The assignments were made by reconstituting CcP
with six specifically deuterated protohemin IX derivatives. The results indicate that the pattern of unpaired = spin-density
delocalization is consistent with an interpretation whereby the source of the rhombic perturbation is the orientation of the
proximal histidine’s imidazole plane. However, we also present evidence that a specific interaction between pyrrole II and
tryptophan 51 affects the observed shift pattern, thereby contributing to the rhombic perturbation.

Cytochrome ¢ peroxidase (EC 1.11.1.5; ferrocytochrome ¢
oxidoreductase; CcP) is a soluble, ferric heme enzyme associated
with yeast mitochondria.>? Its role in nature is to catalyze the
hydrogen peroxide oxidation of ferrocytochrome ¢, and during this
process it functions via ligand binding reactions as well as redox
catalysis. Like most b-type heme proteins, CcP exhibits distinct
magnetic and ligation states.** The native, resting enzyme has
been shown to be predominantly high spin? and six-coordinate5’
with a water molecule occupying the sixth axial position. CcP
readily binds small, anionic ligands, with the resulting complexes
yielding magnetic and spectroscopic data characteristic of a range
of intermediate to low spin states.>%"14 In fact, a six-coordinate
low-spin ferryl form!® has been identified as one of the active
intermediates of the enzymic cycle, Ccp-I (compound I, ES
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complex). CcP-I most likely originates from initial, transient
coordination of hydrogen peroxide to the heme followed by one
or more rapid oxidation steps.!®

By virtue of the paramagnetism that characterizes all of the
ligation states of CcP, the hyperfine proton NMR spectrum can
be valuable for quantitating the dynamics of ligand binding!” and
detecting molecular-level fluctuations within the active site.!%1
For CcP and other heme proteins, NMR has identified heme-
centered asymmetry and defined the mechanism by which it is
established.?25 Until now the greatest impediment for inter-
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Figure 1. Proton NMR spectra of heme proteins used in this study: (A) native CcP-CN; (B) protohemin-reconstituted CcP-CN, 24 °C, pH 7.0-7.5,
0.1 M KNO;. This figure indicates peak identification and reveals that no heterogeneity exists in native or reconstituted samples. Peak p (A) occurs
in both samples and all other reconstituted spectra even though it is not shown in B. Note different scaling for A and B.

preting much of the existing proton NMR data on CcP? and other
heme proteins has been an inability to unambiguously assign the
resolved hyperfine resonances. Development of synthetic tech-
niques?’ for introducing deuterium enrichment into peripheral
substituents of protohemin IX (I), with subsequent reconstitution
into an apoprotein, offered the best solution to this problem and
has lead to several significant results,’-20-22,24.25,28-30

In this work we present the results of proton hyperfine resonance
assignments for CcP-N; and CcP-CN employing the method of
incorporating specifically deuterated hemins into apo-CcP. These
results are meant to supplement our previous assignments for the
CcP high-spin forms.” This effort was undertaken to facilitate
correct and detailed interpretation of a large body of existing CcP
data.?® In addition, these assignments allow comparisons to be
made with similar data for horseradish peroxidase???® (EC
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1.11.1.7; HRP), metmyoglobin,?! and monomeric hemoglobins.?
Such comparisons are important if molecular-level differences in
solution-state heme crevice structure are to be delineated for
different b-type heme protein functional classes.

Experimental Section

The isolation, purification, and reconstitution of CcP has been pre-
viously described, as has the hemin nomenclature that will be used.” One
additional hemin was available for this study. We refer to the hemin in
which the four methylene protons adjacent to the propionic acid carboxyl
group are deuterated as [6,6,7,7-2H ] hemin. Azide-ligated forms of CcP
were established by adding a 25-fold mole excess of potassium azide to
the reconstituted CcP solutions. Following use, the azide samples were
extensively dialyzed against 0.1 M KNO; in 2H,0 solution (Merck
99.8%) to remove the azide ion. Potassium cyanide in 1.1 mole excess
was added, and the solutions were concentrated to their final volumes by
ultrafiltration using an Amicon microultrafiltration cell. Throughout this
entire procedure the solution pH was constantly monitored and regulated
by addition of dilute 2HCI so that the pH range was maintained between
7.0 and 7.5. Samples were ultimately unbuffered within this pH range
in 0.1 M KNO,.

Proton NMR spectra were recorded on Nicolet spectrometers oper-
ating at a variety of proton frequencies: 200 MHz (4.7 T), 360 MHz
(8.45T), and 470 MHz (11.0 T). The 360-MHz spectra were obtained
at the University of California, Davis, NMR Facility, whereas 200- and
470-MHz spectra were taken at the Purdue University Biochemical
Magnetic Resonance Laboratory. Details of the NMR data accumula-
tion are as before. 23

Resuits and Discussion

General Spectral Characteristics. As with our assignments in
the high-spin CcP forms,” it was necessary to determine whether
reconstitution of apo-CcP with protohemin IX would lead to more
than one set of reconstituted CcP-CN resonances, characteristic
of heme-centered asymmetry.?>¥ Such is the case for recon-
stituted deuterohemin IX CcP-CN and CcP-Nj. Because the line
widths for each of these are an order of magnitude smaller than
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Figure 2. Assignment of hemin methyl protons by deuteration: (A)
native CcP-CN; (B) CcP, reconstituted with [1,5-2H¢]hemin; (C) CcP
reconstituted with [1.3-2Hg]hemin. Cyanide forms were established as
described in the text. The enzyme was in 0.1 M KNO;, pH 7-7.4, at 24
°C.

those for the high-spin forms, even minor (5-10%) amounts of
a second form, which would not have been detected in the (high
spin) CcP or CcP-F spectra, could easily be identified in CcP-CN
or CcP-N, spectra.

Figure 1 shows that compared to CcP-CN, protohemin-re-
constituted CcP-CN gives no evidence of a second form. In Figure
1A the spectrum of CcP-CN generated from crystallized native
CcP indicates that it is typical of spectra for the cyanide-ligated
species of other b-type ferric heme proteins.?*2? In deuterium
oxide (?H,0) solution, the two large peaks that lie farthest
downfield have relative intensities of three protons each (peaks
a, b). These originate from two of the four hemin methyl groups
(). Further upfield, between 10 and 20 ppm, lie six (peaks c—h)
resonances with relative intensities corresponding to one proton
each. Upfield, between 0 and —6 ppm there are several resonances
whose relative intensities correspond to one (peaks i—j, n—p) or
two (peaks k, 1) protons. One resonance (m) corresponds to an
intensity less than one proton and is likely due to orientational
heterogeneity of a protein group, as found for HRP.** The
spectrum in Figure 1B is that of protohemin reconstituted CcP-CN
and is identical with Figure 1A, with no additional minor peaks
detectable.

Figure 6A shows a spectrum of CcP-Nj, generated from native
CcP. As with CcP-CN, no peaks attributable to a second form
are detected when protohemin-resonstituted CcP is used. It is
considered unnecessarily redundant to indicate this with an ad-
ditional spectral trace. In proton spectra of the downfield hyperfine
region of CcP-N; (Figures 5 and 6), four larger resonances (peaks
A-D) are resolved, which may be tentatively assigned to the four
hemin methyl groups. Variable-temperature studies have shown
that peak E results from the overlap of several single-proton
resonances at the pH and temperature of Figures S and 6. In
addition, several overlapping single-proton resonances occur be-
tween 10 to 25 ppm and 0 to —10 ppm. This spectrum is also
grossly typical of proton spectra obtained for other azide-ligated
ferric heme proteins,’32

CcP-CN Resonance Assignments. Two of the four hemin methyl
groups are resolved in the hyperfine region (peaks a, b), and their
assignments are shown in Figure 2. In Figure 2A a downfield
hyperfine spectrum of native CcP-CN is shown.

In Figure 2B the spectrum that results from reconstitution of
apo-CcP with {1,5-?H¢]hemin is shown. Relative to the neigh-
boring single-proton resonances (peaks c-h), the relative intensities
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Figure 3. Assignment of hemin vinyl protons by deuteration in CcP-CN.
Both upfield and downfield regions are shown in this figure, although
upfield assignments are more distinct in Figure 4: (A) native CcP-CN;
(B) a-vinyl’s deuterated; (C) 4-vinyl group perdeuterated (both « and
8 protons); (D) 8-vinyl protons deuterated. Conditions were as described
in Figure 2.

of the two methyl resonances remain unchanged, indicating that
neither of the observed resonances correspond to methyls 1 or 5.

Figure 2C shows the downfield hyperfine spectrum of [1,3-
2H ) hemin-reconstituted CcP-CN. In contrast to Figures 2A, and
2B, the methyl resonance farthest downfield has experienced a
dramatic intensity reduction relative to surrounding resonances.
Consequently, it is assigned to methyl 3. The peak (b) that
remains unchanged throughout is assigned to methyl 8, the only
methyl group that has not been deuterated.

Single-proton assignments are shown in Figures 3 and 4. The
downfield region of the spectrum is depicted in Figure 3. The
native spectrum in Figure 3A is a different sample from that used
for the methyl assignments (Figure 2). Between 12 and 22 ppm,
six single-proton resonances occur (c-h). Reconstituting with
{2,4-2H,]hemin yields spectrum 3B, in which the peak near 16.0
ppm (e) is absent. In spectrum 3C, a reconstitution with [4-
’H,]hemin in which the 4-vinyl group is completely deuterated,
this peak remains missing, indicating that it is assignable to the
4-position a-vinyl proton. Reconstituting with {2,4-2H,]hemin,
in which only the 8-vinyl protons are deuterated, yields a downfield
hyperfine spectrum identical with native CcP-CN, confirming this
assignment.

Assignment of the resonances that lie upfield from DSS is shown
in Figure 4. Again, Figure 4A corresponds to CcP-CN generated
from native enzyme. Figure 4, B, C, and D, shows respectively
the reconstitutions with [2,4-2H,]hemin, [2,4-2H,]hemin, and
{4-?H;]hemin. Only peak n shows a relative reduced intensity
in Figures 4B and 4D compared to Figures 4A and C and is
thereby unambiguously assigned to a §-vinyl proton at position
4. This resonance does not completely disappear due to incomplete
deuteration at the 48-position. An additional broad resonance
(see Figure 1) labeled p lies further upfield, near —20 ppm. Its
line width and position coincide with that found for the 2-position
proton of an axially coordinated imidazole in model complexes®*?
and proteins.’® Indeed, elsewhere*’ we have presented evidence
for making this assignment to the proximal 2-H in CcP-CN. This,
along with the other shifts and assignments, is summarized in
Table 1.

CcP-N; Resonance Assignments. Figure 5 shows the assignment
of hemin methyl proton resonances for CcP-Nj in the region
between 20 and 50 ppm downfield. Five peaks present themselves
in this region (peaks A-E), and the relative areas of each ranges
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Figure 4. Assignment of upfield single protons via deuteration. Two
resonances are assigned, a—g-vinyl and a 6- or 7-position 8-propionic acid
methylene proton: (A) native CcP-CN; (B) [2,4-2H,Jhemin-CcP-CN;
(C) [2,4-*H;]hemin-CcP-CN; (D) [4-*H;]hemin-CcP-CN; (E) [6,75-
2H, hemin-CcP-CN. Arrows indicate peaks that show decreased in-
tensity, reflecting deuteration.
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Figure 5. Assignment of hemin methyl resonances in CcP-N; by deu-
teration: (A) native CcP-Nj; (B) [1,5-2Hg]hemin-CcP-N; (C) [1,3-
2H]hemin—-CcP-N;. The enzyme was in 0.1 M KNO;, pH 7.4, 24 °C.

between three and five protons due to the coincidence of one or
more resonances. By reconstituting with deuterated hemins, as
before, and looking for relative intensity decreases, one can assign
the methyls in the order 3 > 8 > 5 > 1. Figure 5A shows the
native CcP-Nj, spectrum. Upon reconstitution with [1,5-2Hg]-
hemin, peaks C and D, at 31.9 and 25.8 ppm, display reduced
intensity (Figure 5B). When [1,3-2H¢]hemin is used, peaks at
38.9 (A) and 25.8 ppm (D) disappear, leaving a detectable amount
of residual proton intensity that is due either to incomplete methyl
group deuteration or overlap of the methyls with single protons
or both. The assignments are indicated in Figure 5 and Table
L

Single-proton resonance assignments are shown in Figure 6.
The native CcP-Nj, spectrum is presented in Figure 6A. In Figure
6B, the spectrum that results from incorporation of [2,4-2H,]hemin
into apo-CcP shows that only the two resolved upfield resonances
(G, H) at -2.9 and 5.6 ppm display decreased intensities, in-
dicating their assignment to vinyl §-protons. Both relative in-
tensities are seen to return to normal values in subsequent spectra,
so these are assigned to the vinyl at position 2. Figure 5Cis a
spectrum of {4-?H3]hemin—CcP-N; and Figure 5D is a spectrum
of the [2,4-2H,]hemin reconstituted enzyme. Noteworthy in these
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Table I. Hyperfine Resonance Assignments in
Low-Spin CcP Forms®

shift
CcP-CN (22 °C) CcP-N, (25°C)

assignment observed hyperfineb observed hyperfine
A. methyls

3 31.2 27.6 38.9 353

8 27.3 23.7 36.8 33.2

N 319 28.3

1 25.8 222
B. vinyls

2w 17.6 9.0

4-o 15.9 7.3 23.8(7) 15.2

28 -2.9 -9.2

-5.6 -11.9
4-3 -4.0 -10.3
=22 —-8.5(M)

C. propionic

acid

6-or 7- -2.2 -5.6
D. Proximal

histidine =21

@ Shifts in ppm, referenced to residual H,0, reported relative to
external DSS. 2 Hyperfine or isotropic shifts obtained by refer-
encing observed shifts to their corresponding diamagnetic position,
see ref 41, Table I.

two spectra is the dramatic intensity decrease of the resonance
at 17.6 ppm in Figure 6D, whereas its intensity is retained in
Figure 6C. This indicates its assignment as an «-vinyl proton at
position 2. Another single-proton assignment is suggested from
these spectra, as well, when one notices the reduced relative in-
tensity of resonance E (23.8 ppm) in Figure 5, C and D, compared
to Figure 5, A and B. As a result we tentatively suggest that the
23.8 ppm group of overlapping resonances contains the 4-vinyl
a-proton.

Interpretation of the Hyperfine Shift Pattern. Assignment of
the hyperfine resonances in CcP-CN and CcP-Nj can result in
conclusions about the interactions between the hemin and the
protein. It has been demonstrated for substituted iron porphyrins?
that the pattern of hemin proton resonances is altered upon re-
constitution into a protein such as metmyoglobin.3? This change
has been attributed to a low-symmetry perturbation within the
protein, which has two possible origins: (a) the rotational position
of the proximal histidine imidazole ring,3** and (b) asymmetric
interaction of the protein with the hemin periphery!®3*# or both.

From the resonance positions in Table II, collected for CcP,
HRP, and metmyoglobin, certain trends are evident in the hy-
perfine resonance pattern. These may be interpreted by noting
that although these protein complexes exhibit magnetic anisotropy,
work on similar low-spin hemin models has indicated that the
magnitude of the dipolar shift in such systems is too small to alter
the relative methyl ordering.*! The conclusion reached is that
the observed hyperfine resonances that are to be discussed here
are dominated by the contact shift and are a result of metal-ligand
covalency. In low-spin ferric molecules with local site symmetry
C,, the partially filled d,,, d,, iron orbitals may participate with
the porphyrin 3e n-filled molecular orbital in Por — Fe = spin-
density transfer, thereby distributing unpaired =-type spin density
around the heme ring and establishing the characteristic hyperfine
shift pattern.%2041 Modulation of this unpaired distribution may
occur through the rotational position of the proximal imidazole
plane relative to the heme plane, which regulates the extent of
interaction of the imidazole = system with the hemin  system,>3
or through peripheral hemin—protein interactions that may direct
spin density via donor/acceptor and steric forces.*!

Because both effects have been shown to be capable, in principle,
of accounting for the ordering of hemin methyl proton resonances,
both mechanisms must be considered. In fact, for hemin models
both mechanisms have, to-date, explicitly demonstrated the ca-
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Figure 6. Assignment of single proton resonances in CcP-Nj by reconstitution with deuterated hemins: (A) native CcP-N;; (B) [2,4-*H,]hemin—CcP-Nj;
(C) [4-*H;]hemin~CcP-N3; (D) [2,4-H,]hemin—CcP-N;. Conditions are the same as described in Figure 5. Arrows indicate peaks displaying decreased

intensity as a result of deuteration.

Table II. Methyl Hyperfine Resonance Positions for Ferric
Heme Proteins

hemin methyls ref
A. azide

Mb-N,
rel order 5 1 8 3
obsd shift? (25°C) 31.6 26.2 244 b 33
pyrrole® (11 ) av 1)

CcP-N,
rel order 3 8 5 1
obsd shift (25 °C) 389 36.8 319 25.8 thiswork
pyrrole (11 V) (111 I

B. cyanide

Mb-CN
rel order 5 1 8 3
obsd shift (25 °C) 274 187 130 b 33
pyrrole 111 I v II

CcP-CN
rel order 3 8 this work
obsd shift (22 °C) 31.2 273 b b
pyrrole 11 v (11, 1)

HRP-CN
rel order 8 3 b b
obsd shift (35 °C) 29.8 249 29
pyrrole v 11 (IIL, I)

@ Inppm. ? Resonances not resolved. ¢ For definition refer to
1 or Figure 7.

pability to mimic the spread of resonances observed in heme
proteins, 4146

In the azide forms the data can be simply interpreted by noting
that the methyl resonances separate into pairs corresponding to
substituents on trans (opposite) pyrroles. In metmyoglobin-N;,

(46) Traylor, T. G.; Berzinis, A. P. J. Am. Chem. Soc. 1980, 102,
2844-2846.

Figure 7. Comparison of the proximal histidine (imidazole) plane pro-
jection onto the hemin for CcP and Mb. This view is along the proximal
histidine-Fe bond and was formulated from the published crystal
structures for each, as described in the text. Note the interchange of
pyrroles LII and IILIV in the two structures. This is equivalent to a 180°
rotation about the a—y (meso) axis.

pyrroles I and III (methyls 5 and 1) exhibit further downfield
shifts, indicating greater delocalization of unpaired spin density,
than pyrroles II and IV (methyls 3 and 8). The order is precisely
reversed in CcP-Nj;, where pyrroles II and IV receive relatively
more spin density compared to pyrroles I and III. The CcP-N,
resonance order shows that methyls 3 and 8 exhibit more downfield
shifts compared to methyls 5 and 1. The 180° rotational isomerism
about the meso a—y axis (Figure 7) observed in the CcP crystal
structure, compared to myoglobin,® accounts for the pairwise
interchange of spin delocalization between trans pyrroles. When
compared with the crystallographically determined orientation
of the proximal histidine’s imidazole plane (Figure 7), this data
indicated that the observed shift pattern in both CcP-N; and
met-Mb-N; is consistent with an interpretation that attributes
the rhombic perturbation to the orientation of the imidazole plane.

A similar argument can be made for the data in Table IIB.
Again the CcP-CN data differs from metmyoglobin-CN in a trans
pairwise manner, which can be rationalized by the 180° rotation
about the a—y meso axis relative to a fixed proximal imidazole
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plane (Figure 7). At minimum, this data can be accounted for
by the imidazole orientation. Notably, the data of Table II
indicate that HRP-CN exhibits a resonance pattern similar to CcP
in that pyrroles II and IV (methyl pair 8 and 3) exhibit larger
shifts than pyrroles I and III (methyl pair 5 and 1). These data
imply that the heme orientation in HRP, relative to a fixed
proximal histidine—iron bond, is similar to that in CcP.*’ We
conclude that HRP also will exhibit a hemin orientation reversed
by 180° about the a—y meso axis when compared to metmyo-
globin.

Whether, and to what extent, peripheral hemin—protein contact
may influence the methyl shift pattern in low-spin heme proteins
remains to be evaluated. There is evidence from the data of Table
I1, in fact, that heme—protein peripheral contacts constitute at
least a minor part of the rhombic perturbation in these CcP forms.
We deduce this by comparing the 3,8-shifts in both CcP and HRP
as shown in Figure 7. At 35 °C the most downfield resonances
are HRP (8) and CcP (3). The more upfield pair are HRP(3)
and CcP(8). A reasonable source for this reversal of trans pyrrole
methyl shifts between CcP and HRP lies in different heme—protein
peripheral contacts at the trans pyrroles (ILIV). Crystal structure
data has only been reported for CcP,%!¢ and it indicates that
Trp-51, a critical residue to the proposed peroxidase catalysis
mechanism!63 lies above pyrrole II. Primary sequence studies
of HRP*>* indicate a high degree of homology in the B helix of
CcP, which forms the distal side of the heme pocket. However,
in place of Trp-51, the HRP sequence places a phenylalanine. In
view of the greater charge-donating ability of tryptophan compared
to phenylalanine, the inversion of the 3,8-methyl resonance or-
dering that is observed here can be understood by assuming sig-
nificant peripheral contact between the position-51 residue and
the hemin. Donation of charge density to pyrrole II from the
tryptophan enhances the Por — Fe = donation by pyrrole II,

(47) LaMar, G. N.; deRopp, J. S.; Smith, K. M.; Langry, K. C., unpub-
lished data.

thereby shifting the 3-CH, further downfield and, hence, inverting
the methyl ordering in CcP relative to HRP. In support of this
possibility we note that the mean 3,8-methyl resonance position
in CcP (28.2 ppm at 35 °C) is much larger than the mean 3,8-shift
in HRP (27.3 ppm at 35 °C). This shift pattern indicates that
the porphyrin 3e w-orbital which includes pyrroles II and IV
contains relatively greater unpaired spin density in CcP than does
the same orbital in HRP.

Summary

Hemin methyl, vinyl, and propionic acid methylene protons have
been assigned for CcP-CN and CcP-Nj by reconstitution with
specifically deuterated hemins. The results indicate the pattern
of unpaired spin delocalization about the porphyrin and lead to
the prediction that the heme orientation in HRP-CN will be
similar to that in CcP~-CN. By analysis of the assigned resonances
for CcP and the crystal structure, the proximal histidine rotational
orientation alone is shown to be capable of explaining the rhombic
perturbation. However, evidence is also presented which suggests
that peripheral heme—protein contacts may contribute to the
perturbation.
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Abstract: We report 2 multinuclear NMR study of lithium—methylamine solutions. NMR Knight shift data for solvent ('H,
13C, 4N) and metal (°Li, "Li) nuclei are reported for concentrations from 2 mol % lithium to saturation at ca. 200 K. The
NMR results have been used in conjunction with recent magnetic susceptibility measurements on the title system to provide
a precise description of the unpaired-electron spin-density distribution in both the solvated electron, €7, and lithium monomer
species, Li*,e™,. For both species, the vast majority of the unpaired-electron spin density resides in the nitrogen fragment of
the solvent molecule. As with metal-ammonia solutions, we also find a small, negative spin density in the 'H 1s orbital. The
occupancy of the SLi and "Li 2s orbital in the electron—cation aggregate species Li*e" corresponds to approximately 0.5%
of the lithium free-atom value for a 7 mol % metal solution. We conclude that the excess-electron species in lithium-methylamine
solutions resides in a ground-state orbital which is composed of a simple 1s-like orbital for the electron within a solvent cavity,
in combination with a set of Rydberg-like orbitals derived from the 3s orbitals of the host solvent matrix.

Introduction

Metal-ammonia solutions have been the subject of considerable
attention from both chemists and physicists for almost two cen-
turies.)”* In this system, comprehensive optical, conductivity,
and magnetic data (among other properties) now exist over
something like five orders of magnitude in concentration.? With
this background it is natural, as Dye has suggested,* that in any

*The University Chemical Laboratory.
+Clty of London Polytechnic.

general description of metal solutions we invariably return to the
metal-ammonia system for guidance. However, the study of metal

(1) (a) “Metal-Ammonia Sotutions, Physicochemical Properties”, Colloque
Weyl I, Lille, 1963; Lepoutre, G., Sienko, M. J., Eds.; W. A. Benjamin: New
York, 1964. (b) “Metal-Ammonia Solutions”, Colloque Weyl II; Lagowski,
J. J., Slenko, M. J., Eds.; Butterworths: London, 1970. (c) “Electrons in
Flulds”, Cotloque Weyl III; Jortner, J., Kestner, N. R., Eds.; Springer-Verlag:
Berlin, 1973. (d) Colloque Weyt IV J. Phys. Chem. 1975, 79, 2789. (e)
Colloque Weyl V Ibid. 1980, 84, 1065.
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