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ABSTRACT: The nature of the [Fe(IV)—O] center in hemoprotein Compounds II has recently received
considerable attention, as several experimental and theoretical investigations have suggested that this group
is not necessarily the traditionally assumed ferryl ion, [Fe(IV)=0]?*", but can be the protonated ferryl,
[Fe(IV)—OHJ**. We show here that cryoreduction of the EPR-silent Compound II by y-irradiation at 77
K produces Fe(III) species retaining the structure of the precursor [Fe(IV)=0]>" or [Fe(IV)—OH]*", and
that the properties of the cryogenerated species provide a report on structural features and the protonation
state of the parent Compound II when studied by EPR and 'H and '“N ENDOR spectroscopies. To give
the broadest view of the properties of Compounds II we have carried out such measurements on cryoreduced
Compounds II of HRP, Mb, DHP and CPO and on CCP Compound ES. EPR and ENDOR spectra of
cryoreduced HRP II, CPO II and CCP ES are characteristic of low-spin hydroxy-Fe(IlI) heme species. In
contrast, cryoreduced “globins”, Mb II, Hb II, and DHP II, show EPR spectra having lower rhombicity.
In addition the cryogenerated ferric “globin” species display strongly coupled exchangeable '"H ENDOR
signals, with Apax ~ 20 MHz and ais, ~ 14 MHz, both substantially greater than for hydroxide/water
ligand protons. Upon annealing at 7 > 180 K the cryoreduced globin compounds II relax to the low-spin
hydroxy-ferric form with a solvent kinetic isotope effect, KIE > 6. The results presented here together
with published resonance Raman and Mossbauer data suggest that the high-valent iron center of globin
and HRP compounds II, as well as of CCP ES, is [Fe(IV)=0]?*, and that its cryoreduction produces
[Fe(IIT)—O] ™. Instead, as proposed by Green and co-workers (/), CPO II contains [Fe(IV)—OH]** which
forms [Fe(III)—OH]*" upon radiolysis. The [Fe(IlI)—O]* generated by cryoreduction of HRP II and CCP
ES protonate at 77 K, presumably because the heme is linked to a distal-pocket hydrogen bonding/proton-
delivery network through an H-bond to the “oxide” ligand. The data also indicate that Mb and HRP

compounds II exist as two major conformational substates.

The high-valent heme peroxidase and catalase intermedi-
ates Compounds I and II provide a key to understanding the
mechanism of these (2) and other heme enzymes, in
particular serving as models for heme monooxygenase
(cytochrome P450, NOS) intermediates that are yet to be
fully characterized (3—10). The hemes of Compounds I and
IT have been oxidized by 2 and 1 equiv above the resting
ferriheme state, respectively. In both instances the heme
contains an [Fe(IV)—O] moiety. The second equivalent of
Compound I normally exists as a sz-cation radical localized on
the porphyrin macrocycle; in the related CCP' “Compound ES,”
it exists as a tryptophanyl sr-cation radical (/7). The nature of
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the [Fe(IV)—O] center in Compounds I and II has recently
received considerable attention, as several experimental and
theoretical investigations suggest that this group is not neces-
sarily the traditionally assumed ferryl ion, [Fe(IV)=0]**, but
can be the protonated ferryl, [Fe(IV)—OHJ]*" (8, 12). The
protonation status of the ferryl ion, as well as the possible
presence of a distal-pocket proton delivery network linked to
the oxo ligand, can play an important role in proton-coupled
electron transfer during catalysis.

The Fe—O bond length should reflect the [Fe(IV)=0]
protonation state, but reported bond lengths in Compounds
IT are controversial (8). Extended X-ray absorption fine-
structure (EXAFS) investigations have indicated that the
Fe—O0 bond length in Compounds II of myoglobin (Mb II) (/3),
HRP (HRP II) (14—16), and CCP ES (17) is 1.64—1.71 Aji.e.,
close to that observed for the [Fe(IV)=0]>" of Compound
112, 13, 15, 18, 19). However, high resolution crystal
structures of Compounds II of myoglobin, HRP and
catalase showed appreciably longer Fe—O bonds, 1.84—1.92
A (19—21). Such a long Fe—O bond also was observed
in a crystal structure of Compound ES in cytochrome ¢
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peroxidase (1.87 A) (22), whose heme is electronically
equivalent to the typical Compound II of HRP. A similar
bond length (1.83 A) has been reported in an EXAFS study
of Compounds I of CPO (76) and the acid form of Proteus
mirabilis catalase (23). Elongation of the Fe—O bond from
1.65—1.7 A to 1.76—1.92 A implies an Fe—O single bond
and protonation of the oxo ligand (8, /2). It should be
however noted that interpretationof Fe—O bond lengths in
crystal structures of Compound II may be complicated by
photoreduction Fe(IV) during data collection by the synchrotron
radiation (20, 24).

Recently Mossbauer and resonance Raman spectroscopies
have been used to identify the ferryl protonation status (1, 23,
25—27). Experimental data to date and DFT calculations
suggest that the quadrupole splitting for Fe(IV) increases
remarkably upon protonation of ferryl ion because the spin
population is transferred from the oxo ligand to the iron
d-orbitals (23, 27, 28). Mossbauer spectra of HRP II, Mb II,
and CCP ES reveal only a species with quadrupole coupling
of 1.4—1.6 mm/s characteristic of [Fe(IV)=0]*" (8). Moss-
bauer spectroscopy identified two Fe(IV) species in CPO II
and PM catalase Compound II (PMC II), one with AEq ~
1.4 and one with ~2.1—2.2 mm/s, assigned respectively to
[Fe(IV)=01** and [Fe(IV)—OH]*" states. The relative
population of the protonated form of PMC II increases with
decreasing pH while the population of the predominant
protonated CPO II form is independent of pH. Recently,
Green and co-workers proposed to apply the empirical
Badger’s rule that relates bond distance and Fe(IV)—O
stretching frequencies obtained from resonance Raman (RR)
spectroscopy (26). This formula predicts stretching frequen-
cies within the range 750—840 cm™! for the [Fe(IV)=0]**
group, with short Fe—O bond distances of 1.62—1.70 A, but
540—630 cm™! for the longer [Fe(IV)—OH]** bonds (26).
Except for CPO II, all Compounds II studied, paradoxically
including the protonated PMC II (23), exhibited an Fe—O
frequency between 775 and 805 cm™!, as expected for
[Fe(IV)=01>" (8, 23). However, the Fe—O stretch for CPO
Il is at 565 cm™!. It is important to note that the
[Fe(IV)—OHJ*t stretch of CPO II has a relatively low
intensity, and this probably accounts for its apparent absence
of an RR spectra from the protonated form of PMC II (23).
This low intensity clearly limits the use of RR spectroscopy
for identification of the protonated ferryl form.

Given the significance of Compound II in catalysis (16, 29),
it is important to clarify the character of the Compound II
[Fe(IV)—O] moeity in a variety of enzymes. We show here
that cryoreduction of the EPR-silent Compound II by
y-irradiation at 77 K produces Fe(Ill) species whose EPR
and ENDOR properties report on structural details and the
protonation state of the parent Compound II. The addition
of an electron to an Fe(IV) heme center in frozen solution
at 77 K produces a ferric state that retains the structure of
the precursor; under these conditions, the frozen protein
environment restricts conformational relaxation of the cry-
oreduced heme center to subtle changes in the geometry of
Fe—ligand bond and prevents changes of the metal ligands.
A cryoreduced heme center thus trapped in a nonequilibrium
conformation reflected of the parent center relaxes to its
equilibrium state upon progressive annealing at elevated
temperatures; in many cases there is a correlation between
the temperature at which the relaxation occurs and the scale
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of the structural changes accompanying this process. In light
of these observations, cryoreduction of an [Fe(IV)=0]**
heme is expected to generate an [Fe(III)—O]" heme having
a nonequilibrium conformation, while irradiation of an
[Fe(IV)—OHJ** should generate a hydroxy—Fe(IIl) heme.
The one restriction to this approach, however, is that in some
cases the addition of an electron may be followed by a proton
transfer even at temperatures below 77 K (oxy-hemeoxyge-
nase, oxy-cytochrome P450, oxy-peroxidase) (30—33).

Earlier, Gasyna (34) and Petersen (35) reported that the
product trapped during 77 K radiolytic reduction of ferryl
Mb in frozen water—ethylene glycol solutions (pH 8§—9)
shows a rhombic EPR spectrum of a low-spin Fe(IIl) heme,
but with g = [2.41, 2.11, ~1.94], different from low-spin
hydroxy-met Mb, g = [2.58, 2.20, 1.85].The primary trapped
species relaxes to the equilibrium hydroxy-met Mb form
upon annealing at 7 = 220 K, doing so via two spectroscopi-
cally detected intermediates. They suggested that the initial
species is the [Fe(IlH)—O]" intermediate produced by reduc-
tion of [Fe(IV)=0]>" (35). Recently, this approach was
applied to CPO 1II (/). Cryoreduced CPO II exhibited an EPR
spectrum different from that for resting aquo-Fe(III)-CPO,
while its X-band ENDOR spectrum shows a proton ENDOR
signal with A, ~ 13 MHz, which is comparable with that
for low-spin hydroxide metMb. Overall, these results are
consistent with the suggested presence of [Fe(IV)—OH]J**
in the parent CPO II.

To definitively apply the cryoreduction approach to
Compounds II requires EPR and '"H ENDOR characterization
of the centers generated by cryoreduction of [Fe(IV)=0]>"
and [Fe(IV)—OH]** species for an extensive set of hemo-
proteins. To achieve this objective we have carried out
comparative EPR, ENDOR, and annealing studies on cry-
oreduced DHP, Mb, HRP and CPO Compounds II and CCP
Compound ES. Such experiments on this diverse group of
protein further gives us the opportunity to broadly character-
ize the proton transfer processes that can occur within the
heme pocket of proteins in frozen matrices.

MATERIALS AND METHODS

Myoglobin from horse heart (Sigma) and horseradish
peroxidase C (type XII, RZ = 3.1) (Sigma) were used
without further purification. KPi, Tris, glycerol, ds-glycerol
and dithionite were purchased from Aldrich-Sigma. 30%
H,0, was purchased from Fisher. Dehaloperoxidase from
Amphitrite ornata was prepared as described (36), as were
human hemogloglobin from whole blood (37), CPO from
Caldariomyces fumago (38), and CCP (39). Ferryl Mb, DHP,
Hb and CCP Compound ES were prepared by addition of a
2-fold excess of H,O; to solutions of the ferric proteins in
50 mM buffer at 4 °C. HRP and CPO compounds II were
prepared as described respectively in refs 40 and /. In typical
experiments on y-irradiation of frozen solutions at 77 K, 1—3
mM hemoprotein Compound II in 0.05 M Kpi buffer (pH
7) containing 16% v/v glycerol was applied if not mentioned
otherwise.

y-Irradiation of the frozen hemoprotein solutions at 77 K
was performed typically for 16—20 h (dose rate of 0.15
Mrad/h, total dose ~2—3 Mrad) using a Gammacell 220 %°Co
(37). Annealing at multiple temperatures over the range
77—270 K was performed by placing the EPR sample in
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the appropriate bath (e.g., n-pentane or methanol cooled with
liquid nitrogen) and then refreezing in liquid nitrogen.
Irradiated samples maintained at 77 K showed no change
by EPR over a period of months, indicating both the stability
of the cryogenerated products and the absence of any
interconversion at 77 K. As shown previously, y-irradiation
at 77 K yields an intense EPR signal at g 2.0 from
radiolytically generated organic radicals; such signals are
truncated in the reported spectra. In addition, y-irradiation
produces hydrogen atoms within the fused silica tubes, and
these give a characteristic hyperfine doublet (A('"H) ~ 507
G). As seen in all cases, as the annealing temperature is
raised, radical recombination occurs and both the radical and
H-atom signals decrease.

EPR/ENDOR Spectroscopy. X-band CW EPR spectra were
recorded on a Bruker ESP 300 spectrometer equipped with
an Oxford Instruments ESR 910 continuous He flow cryostat.
CW 35 GHz EPR/ENDOR spectra were recorded on a
modified Varian E-109 spectrometer. All CW Q-band EPR/
ENDOR spectra were recorded at 2 K and in dispersion
mode, under “rapid passage” conditions, which gives an
absorption line shape (47). The EPR signals of cryogenerated
Fe(III) species were quantitated using corresponding resting
ferric hemoproteins as standards.

For a single orientation of a paramagnetic center, the first
order ENDOR spectrum of a nucleus with S = 1/2 in a single
paramagnetic center consists of a doublet with frequency
given by (41)

v, =l +A/2l )

Here, vy is the nuclear Larmor frequency, and A is the
orientation dependent hyperfine coupling constant of the
coupled nucleus. The doublet is centered at Larmor frequency
and separated by A when vy > A/2, as is the case for 'H
spectra presented here. For '“N (I = 1), a single orientation
gives a four-line pattern,

v (£)=lvyE£A/2L3P/2l (1a)

in which both v+ and v_ branches described by eq 1 are
further split into two lines by quadropole coupling, 3P. For
heme pyrrole ' N only the v1(+) branch is readily observed
in spectra collected at 35 GHz. The full hyperfine and
quadropole tensors of coupled nucleus can be obtained by
analyzing a 2D field-frequency set of orientation selective
ENDOR spectra collected across the EPR envelope, as
described elsewhere (41).

RESULTS

DHP II. Trradiated DHP II shows a rhombic EPR spectrum
with g = [2.44, 2.13, 1.97], which differs noticeably from
that for low-spin ferric DHP at pH 10.5 (Figure 1, Table 1).
In addition, '"H ENDOR spectra of the cryogenerated species
(Figure 2) show an exchangeable proton signal; residual
intensity from the proton in the D,O sample is due to
incomplete deuteration. This signal has an unusually strong
coupling, Amasx =~ 20 MHz, approximately double the
maximum hyperfine coupling for the hydroxide ligand in the
low-spin ferric form of DHP (Figure 2, Table 2). The 2D
field-frequency patterns of proton ENDOR spectra collected
at multiple points along the EPR envelopes of the cryogen-
erated species and the equilibrium low-spin state of ferric
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FIGURE 1: 35 GHz EPR spectra: (upper) DHP II y-irradiated at 77
K and after annealing at 145 K, 156 K and 176 K; (lower) ferric
DHP at pH 10.5. Solvent, 16% glycerol /0.05 M Kpi, pH 7.2.
Conditions: 2 K; 100 kHz field modulation amplitude, 2 G;
microwave frequency, 35.01 GHz (spectra are digital derivatives
of absorption-display rapid passage spectra).

Table 1: EPR Parameters for Cryoreduced Compounds II and Resting
Low-Spin Ferric States

g-values
hemoprotein Tan (K) g1 2 g3
cryoreduced CCP I 2.70 2.19 1.80
170 2.72 2.20 1.79
ferric CCP (low-spin, pH 7) 2.72 2.20 1.79
cryoreduced HRP II (pH 6.5)
species A 2.60 2.183  1.850
species B 2923 211 1.65
cryoreduced HRP II (pH 10)
species A 2.61 2.18 1.84
species B 2.94 2.11 1.66
ferric HRP (low-spin, pH 12) 2.97 2.11 1.64
cryoreduced CPO 11 242 2.18 1.92
145 2.60 2.26 1.84
ferric CPO (low-spin, pH 6.5) 2.60 2.26 1.84
cryoreduced DHP 1II (pH 7.0) 243 2,127  1.924
145 2.53 2.14 1.90
180 2.55 2.18 1.85
>190 6.18 5.66 nd“
ferric DHP (low-spin, pH 10.5) 2.58 2.19 1.84
cryoreduced Mb II (pH >7.0)
species A (major) 243 2.12 1.93
species B (minor) 248 2.14 ~1.90
B 160 2.48 2.14 1.91
C 180 2.54 2.19 1.87
hs >200 59 59 2.0
cryoreduced Mb II (pH 8.5)

Is >200 2.59 2.18 1.85
hs 59 59 2.0
met Mb (low-spin, pH 8.5) 2.59 2.18 1.85
cryoreduced Hb II (pH 7.5) 2.44 2.12 1.93
Met Hb (low-spin, pH 8.8) 2.59 2.18 1.85

“ Not determined.

DHP (Figure S2, Supporting Information) were analyzed to
determine the hyperfine tensors of the exchangeable species.
While the analysis for cryoreduced DHP II must be
considered provisional because of difficulties caused by
underlying proton signals from radicals, the pattern clearly
is associated with a large isotropic coupling, lais| ~ 13 MHz,
while that for hydroxo-ferric DHP is only la;,l ~ 4.3 MHz
(Table 2). Indeed, as shown by the data presented in Table
2, as a rule lajl < 4 MHz for an OH™ (H,O) proton.
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Fe(II)DHP 10 MHz

FIGURE 2: 35 GHz CW 'H ENDOR spectra of cryoreduced DHP 11
and low-spin ferric DHP (pH 10.5) in H,O (solid line) and D,O
(dotted line). Conditions: 2 K; modulation amplitude, 2G; rf power,
7 W; tf sweep rate, 0.5 MHz/s; rf bandwidth, 50 kHz.

Table 2: '"H ENDOR Parameters for Cryoreduced Compounds II and
Resting Low-Spin Ferric States

Amax @
hemoprotein (MHz) Asim (MHz)* laisol* 171" (deg)
cryoreduced CCP 1 11
ferric CCP 11 —8.8, —8.8, 8.6 3 6 25
cryoreduced HRP II
species A 12 —11, —11, 4 6 5 35
species B 10
ferric HRP (pH > 11.5) 10
cryoreduced CPO 1T 13 —13, —13,2 8 5 35
cryoreduced DHP 1T 21 —20, —20, 0 13 7 45

ferric DHP (pH 10.5) 105 —94, —94,59 43 5 30
cryoreduced Mb II

species A 20 =21, =21, —1 14 7 42
species B 16
species C 13

met Mb (pH 8.5) 13 —-113,-113,71 45 6 35

“ In the provisional simulations, the hyperfine tensors were constrained to
be axial. The relative signs of the tensor components in a simulation are
well established, but the absolute signs are not, and thus the computed
isotropic and anisotropic terms, ais, and 7, are presented as absolute values.

The ENDOR results strongly suggest that the cryoreduced
DHP II does not contain [Fe(III)—OH]?*, which has minimal
spin density on O and hence a small ais, for 'H. Instead,
they suggest that cryoreduced DHP 1II contains the unpro-
tonated [Fe(III)—O]" moiety, with a large spin density on
O; the strongly coupled 'H signal then must be associated
with an H-bond to this O. Just such an apparently anomalous
situation, weak hyperfine coupling for 'H covalently bonded
to an O with small spin density, but large coupling for 'H
H-bonded to O with large spin density, is seen in the case
of H-bonded peroxo-ferric species formed by cryoreduction
of Fe(I)-0O, heme centers (37, 42). The cryogenerated
[Fe(II)—O]* species relaxes upon annealing at 145 K to a
form showing a slightly more anisotropic rthombic EPR
spectrum, g = [2.53, 2.14, 1.9] (Figure 1). This interme-
diate still shows a strongly coupled proton ENDOR signal,
Amax ~ 16 MHz, indicating that it too is an H-bonded
[Fe(IlT)—O]" state (Figure S1, Supporting Information). Only
after annealing at 7 ~ 180 K does this species convert to a
state with EPR and ENDOR properties close to those for
the hydroxyferric state (Table 1, Figures 1, S1); this species
relaxes to the resting high-spin form at 7 > 190 K.

Mb II. The spectroscopic properties of the cryoreduced
ferryl derivatives of myoglobin and hemoglobin are very
similar to those of cryoreduced DHP II. However, with the
“globins” we can increase the conentration of the cryogen-
erated species by a factor of ~4—5 through use of more
concentrated protein solutions and because the Compounds
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FIGURE 3: X-band EPR spectra: (A) cryoreduced Mb(II) (16%
glycerol, 0.05 M Kpi pH 7.5) annealed at 145 K for 1 min, at 160
K for 40 min, at 175 K for 25 min and at 200 K for Imin; (B)
Fe(lll)Mb in 16% glycerol/0.05 M tris pH 8.6). Conditions:
temperature, 77 K; 100 kHz field modulation amplitude, 5 G;
microwave power, 10 mW; microwave frequency, 9.354.

Table 3: YN ENDOR Parameters for Cryoreduced Compounds II and
Resting Low-Spin Ferric Forms of Hemoproteins at g

hemoprotein species A(g1) (MHz) 0(g1) (MHz)
cryoreduced HRP II A 5.76 1.17
B 6.27 1.26
ferric HRP (pH 11.5) 6.3 1.26
74 0.72
cryoreduced Mb II A 5.37 0.9
6.12 0.8
C 5.69 1.14
6.16 1.03
met Mb (pH 8.5) 5.69 1.14
6.16 1.03

IT have higher stability. Therefore, more detailed spectro-
scopic and kinetic studies were conducted on cryoreduced
Mb II.

The EPR spectrum of the irradiated Mb II presented in
Figure 3 shows two slightly different rhombic EPR signals,
g(A) =[2.42,2.17, 1.93] (A, major), and g(B) = [2.48, 2.14,
1.90] (B, minor), indicating the presence of two substates
of the parent Compound II. Similar EPR spectra were shown
by cryoreduced Hb II (Table 1). The EPR spectra of the
cryogenerated species differ from these for low-spin hy-
droxymet Mb and Hb (Table 1). The g-values and relative
intensities of A and B vary weakly with pH within the range
pH 4.5—10, and the yield cryoreduction decreases 2—3-fold
at pH < 5.The latter makes it difficult to perform spectro-
scopic studies on low pH samples.

During annealing at 145—160 K the A signal decays while
the intensity of the B signal increases (Figure 3). For pH
values below 6.5 B converts directly to a high-spin signal
upon annealing at 7 > 175 K (not shown). Upon annealing
of samples with pH > 6.5 at 175—185K B decays and a
new intermediate, C, appears; its g-values, g = [ 2.54, 2.19,
1.87], are essentially those of low-spin met Mb (Table 1,
Figure 3). For pH values within the range 6.5—8.0, further
annealing above 200 K converts species C into an equilib-
rium mixture of high-spin ferric and low-spin alkaline Mb.

Like cryoreduced DHP II, the Mb II A form shows a
strongly coupled exchangeable proton ENDOR signal, Amax
~ 20 MHz (Figure 4 upper, Table 2). Simulation of the 2D



Cryoreduced Compounds 11

MblII
241

20 MHz

16 MHz
{ |

B
2.20
C

' 2.18

-10 -5 0 5 10
v—v (H), MHz

FIGURE 4: 35 GHz CW ! H ENDOR spectra of cryoreduced Mb II
(pH 7.5). Top, intermediate A at three g-values (dotted spectrum,
with ds-glycerol/ D,O buffer); middle, intermediates B and C
obtained during annealing of cryoreduced Mb II at 160 K and 175
K, respectively; bottom, low-spin metMb (pH 8.6). Conditions: as
in Figure 2.

'"H ENDOR pattern of this species yields la;,l = 14 MHz
and T = 4.5 MHz, values similar to those for the
[Fe(II1)—O]* species formed by cryoreduction of DHP II
(Table 2). Pyrrole '“N ENDOR spectra for this species also
are different from these for low-spin hydroxy ferric Mb
(Figure S3, Supporting Information). The Mb II B form also
shows a strongly coupled exchangeable proton ENDOR
signal; Amax ~ 16.2 MHz, which again is much greater than
that for hydroxide ligand coordinated to ferriheme in alkaline
met Mb (Figure 4, Table 2). In contrast, '"H and N ENDOR
spectra for species C are very similar to these for low-spin
hydroxy metMb (Figures 4, S3, Tables 2, 3) Overall, the
g-values and the 'H and "N ENDOR spectra (Figures 4,
S3; Table 2, 3) suggest that A and B are respectively primary
and relaxed [Fe(Ill)—O]" states that are formed upon
cryoreduction of Compound II, and that in each the oxo
ligand forms an H-bond to a nearby proton donor, while
species C is a hydroxy-ferriheme state.

If this suggestion holds, then one or both of these
conversions involves proton transfer and should show a
significant solvent kinetic isotope effect (sKIE) (43). This
has been tested kinetically by monitoring both conversions
in HyO/glycerol and D,0O/ds-glycerol at pH 8, with A — B
measured at 160 K and B — C at 175 K. As is common for
frozen solutions, both processes are described by dispersive
nonexponential kinetics, Figure 5 (44). The time course for
the A — B conversion, as measured by the decay of A, is
minimally effected by deuteration of the solvent, sKIE < 2.
This relatively small effect (sKIE < 1.4 at ambient temper-
ature) may be due in part to an influence of the H-bond on
the conversion between A and B conformational substates.
In contrast, the B — C conversion, measured by the decay
of B, is strongly slowed, in D,0O/ds-glycerol mixture, with
SsKIE ~ 5 (Figure 5). Such an sKIE is expected at this
temperature if the rate-limiting step in B — C is protonation
of the oxo ligand (45).
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FIGURE 5: Kinetics of the conversion of the cryoreduced Mb II
species A — B (decay of A) at 160 K (blue) and the B — C (decay
of B) at 175 K (red). (®) H,O, 16% glycerol/0.05 M tris pH 8.0;
(a) D0, 16% ds-glycerol/0.05 M tris (pH 7.6). Intensities are scaled
to value at r = 0.

CCP II. The spectroscopic and relaxation properties of
cryoreduced Compounds II of the globin-like DHP and Mb
differ markedly from these for the peroxidases. Compound
ES of CCP contains a Compound II heme weakly spin-
coupled to a tryptophan radical. The 77 K EPR spectrum of
radiolytically reduced Compound ES shows a rhombic low-
spin ferriheme EPR spectrum with g = [2.70, 2.19, 1.80]
which differs only slightly from g-values for the low-spin
hydroxyFe(II) resting form (Figure S4 (Supporting Informa-
tion), Table 1).

The cryotrapped intermediate exhibits a 35 GHz CW 'H
ENDOR signal from an exchangeable proton with maximal
hyperfine coupling of 12 MHz which is very similar to that
for the low-spin hydroxyferri-CCP (Table 2). Likewise the
two states show similar pyrrole '“N ENDOR spectra (not
shown). The data thus indicate that cryoreduction of CCP
ES produces a low-spin hydroxy—Fe(IIl) complex with very
similar structure to that of the equilibrium low-spin ferri-
CCP. EPR, 'H, and "N ENDOR spectra show that this
primary product relaxes to the equilibrium form upon
annealing at temperature around 170 K.

HRP II. HRP II (pH 7.5) was prepared at ambient
temperature as described in Materials and Methods. Upon
cryoreduction at 77 K, we observe EPR spectra from two
ferriheme centers with rhombic EPR signals, g = [2.60, 2.18,
1.85] (species A) and [2.92, 2.11, 1.66] (species B) (Figure
6, Table 1) reflecting the existence of two different conform-
ers in the parent HRP II. The g-tensor components of the
more anisotropic EPR signal B are essentially the same as
those for the alkaline form of ferric HRP at pH 12 (Figure
6, Table 1), and 'H ENDOR spectra of B taken at g; show
an exchangeable proton with coupling identical to that for
hydroxy-Fe(IlI) HRP (not shown); thus we assign B to this
state. The ratio of the A and B signals depends only weakly
on pH within the range 6.5—10; in addition, at pH 10 the
rhombicity of both signals slightly increases, presumably
reflecting a response of the hydroxy-ferriheme to changes
of heme-pocket environment with pH (Table 1).

'H ENDOR was used to assign species A. Although the
EPR spectrum of A is overlapped at all fields by that of the
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FIGURE 6: X-band EPR spectra of cryoreduced HRP II (pH 7.0)
annealed at 145 K and 195 K for 1 min and Fe(II)HRP (pH 12).

Conditions: 7 = 12 K; modulation amplitude, 10 G; microwave
power, 2 mW; microwave frequency, 9.372.

9.4 MHz
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v —v('H), MHz

FIGURE 7: 35 GHz CW 'H ENDOR spectra. (Upper) Cryogenerated
HRP 1II species A in H,O (solid line) and in D,O (dotted line).
(Lower) Likewise for cryoreduced CPO II taken at g = 2.17.
Conditions as in Figure 2.

more rhombic signal of B, spectra taken outside the area of
overlap show that where the two overlap the ENDOR
response is dominated by that of A. As shown in Figure 7,
'H signals from this species in H,O have a maximal hyperfine
coupling from an exchange proton with, Ap.x ~12 MHz. A
2D field-frequency pattern (not shown) can be well simulated
with an axial hyperfine interaction with la;,l = 6 MHz (Table
2), characteristic of protons of a hydroxide/water ligand
coordinated to a Fe(II) heme (46, 47). We therefore assign
A as a hydroxyferric form that is trapped in a nonequilibrium
structure. In agreement with this idea, during progressive
annealing at higher temperatures species A relaxes to species
B within the range 145—195 K (Figure 6). As a reflection
of the conformational differences between A and B, N
ENDOR spectra of pyrrole nitrogens taken at gn, for species
A and B yield noticeably different hyperfine and quadrupole
couplings (Figure S5 (Supporting Information), Table 3).
With continued step-annealing to temperatures above 210
K species B relaxes to the equilibrium, high-spin state at
pH 7. Overall, these results show that HRP II exists in two
conformers and that both yield an [Fe(IIlI)—OH]>" state as
the primary product of 77 K cryoreduction.

Cryoreduced HRP II also was generated by a two-stage
cryoreduction process. HRP I formed at ambient was
cryoreduced to HRP II, which was then annealed at tem-
peratures at 220 K; this “cryogenerated-HRP II” was again
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FIGURE 8: 35 GHz EPR spectra (A) of the cryoreduced CPO II and
(B) after annealing at 145 K for 1 min. Conditions as in Figure 1
except for MW power, 0.06 mW, and MW frequency, 35.365.

=

irradiated at 77 K. The EPR spectrum of the resulting
ferriheme species showed only the B signal. This observation
indicates that when Compound II is generated at low
temperatures the B conformer is dominant, unlike the
equilibrium distribution of conformers A and B when
Compound II is prepared in solution and frozen.

CPO II. Cryoreduced CPO II shows a rhombic EPR signal
with g = [2.42, 2.18, 1.92], markedly different from that of
the resting state (Figure 8, Table 1). The breadth of the 'H
ENDOR spectra of cryoreduced CPO 1II is set by an
exchangeable proton signal; it has A, ~ 13 MHz (Figure
7), and its 2D frequency-field pattern can be well simulated
by an axial hyperfine tensor (Figure 7) with la;s| = 4.6 MHz,
similar to the values for the hydroxide ligand in hydroxyferric
Mb, HRP and CCP (Table 2). This implies that the cryo-
reduced state contains [Fe(IIl)—OH]?*", consistent with the
report by Green and co-workers which indicated that CPO
II contains [Fe(TV)—OH]** (7). Cryoreduced CPO II relaxes
to the equilibrium aquo-ferric state after annealing at 145 K
for 1 min.

DISCUSSION

The data presented here provides information about
structural features of peroxidases and myoglobin compounds
IT and specifically about the protonation status of the ferryl
ion. It shows unambiguously that cryoreduction of Mb II
and globin-like DHP II yields [Fe(III)—O]" hemes, and thus
the parent Compounds II must contain the unprotonated ferryl
ion, [Fe(IV)=0]>". In contrast, cryoreduction of Compounds
IT of CPO and HRP and Compound ES of CCP at 77 K
yields an [Fe(IIH—OH]** heme. Such a state could arise
directly by cryoreduction of a [Fe(IV)—OH]** precursor, or
from reduction of [Fe(IV)=0]>* followed by proton transfer
at 77 K. To gain further insight into the properties of the
Compounds II and their cryoreduction products we discuss
each protein separately.

Mb II and DHP II. The presence for cryoreduced Mb II
and DHP II of a strongly coupled, exchangeable proton
ENDOR signal, laisl = 13—14 MHz (Table 2), Apax ~ 20
MHz, as well as the low rhombicities of their EPR signals,
is consistent with DFT computations of the electronic
structure of the [Fe(II)—O]" unit (28). In particular, the
calculated high-spin density on oxygen (28) is consistent with
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our assignment of the strongly coupled proton to an H-bond
with the oxo ligand. Conversion of [Fe(Il)—O]" to
[Fe(III)—~OH]J*" through formation of the O—H convalent
bond causes a major transfer of spin density from O to Fe
(28), which in turn increases the thombicity of the EPR signal
and lessens the coupling to the hydroxide ligand proton. This
correlates with the spectroscopic changes observed upon pro-
tonation of cryogenerated peroxo ferric globins (37, 48—50),
which also were supported by DFT calculations (28). The
observation that cryoreduction generates two forms of the
[Fe(II)—O]" center, A (majority) and B (minority), implies
that the parent Mb II exhibits two conformational substates.

The conclusion that the product of 77 K cryoreduction of
Mb 1T is an [Fe(IH)—O] " center is corroborated by the strong
solvent KIE associated with its conversion to hydroxy-metMb
at 180 K, which shows that this conversion indeed involves
proton transfer to [Fe(Il)—O] ™", generating [Fe(III)—OH]>*".
The latter is formed in a nonequilibrium conformation with
g-values that differ somewhat from the resting hydroxymet-
Mb; conversion to the equilibrium form occurs at ~200 K.
Observations over a range of pH indicate that Mb II contains
the unprotonated [Fe(IV)=0]*" down to pH 4.5. DHP is a
close structural analogue to the globins, and thus it is not
surprising that the properties of the cryoreduced DHP II
resemble those of Mb II (36, 51).

This conclusion is in agreement with Mossbauer, RR and
EXAFS measurements (8, 13), but the observation of a long
Fe—O bond in a crystal structure of Mb II led to the opposing
conclusion that the ferryl group is protonated (/2, 52). Our
results and those of the other spectroscopies suggest that the
long Fe—O bond seen in the crystal structure of Mb II reflects
cryoreduction of [Fe(IV)=0]** in the X-ray beam during
data collection and subsequent protonation, and that the
structure thus is associated with [Fe(II)—OH]** (20).

The decoupling of the reduction and proton-transfer steps
during cryoreduction of the [Fe(IV)=0]>" in Mb II and DHP
IT is precisely parallel to that seen in the cryoreduction of
oxy-Mb, Hb, and isolated Hb chains (42, 48). Cryoreduction
of the formally [Fe(III)O,~] center in these proteins generates
the [Fe(IIT)(0,>7)]~, peroxoferriheme center. It has an EPR
spectrum with low rhombicity and an ENDOR signal from
a strongly coupled exchangeable proton (lasl of 13—14 MHz,
Amax ~ 20 MHz) associated with an H-bond to the peroxo
ligand. During relaxation at ~180 K the peroxo ligand is
protonated to form a hydroperoxo ligand in a process that
also proceeds with a high solvent KIE (~5 at 180 K) (30).
The protonation shifts spin density from O, to Fe and
strongly lowers the hyperfine coupling, to lais,]| = 4 MHz,
and Apax & 10—12 MHz and increases rhombicity of the
EPR signal (37, 48, 50). This interpretation was subsequently
supported by DFT computations (28). The H-bonding proton
was assigned to the histidine NH hydrogen; the same
assignment can be applied to the proton that H-bonds to
[Fe(IIH)—O]".

CPO Compound II. The EPR spectrum of cryoreduced
CPO 1I exhibits only one low-spin signal, with g-values
different from these of the resting state (Table 1). We are
not able to compare properties of cryoreduced CPO II with
the alkaline form of ferric CPO because the latter is unstable.
However, cryoreduced CPO II shows an exchangeable proton
ENDOR signal with values close to those for the OH™ ligand
of hydroxyferric Mb, HRP, DHP and CCP, las,| = 3—6 MHz
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(Table 2). This observation shows that the 77 K cryoreduc-
tion product is [Fe(II)—OH]** 1t does not prove that CPO
II contains [Fe(IV)—OH]*", for the [Fe(III)-OH]" could
form by reduction of [Fe(IV=0]*" followed by protona-
tion at 77 K. However, it is in agreement with spectro-
scopic and structural data of Green and coauthors (/, &)
which do establish that the major form of CPO II contains
[Fe(IV)—OHJ**.

Most interestingly, the hydroxide ligand of the 77 K
cryogenerated [Fe(IIH—OH]*" species in CPO is further
protonated at 145 K to form the low-spin final aquoferric
state. In contrast, the [Fe(II[)—OH]" state generated by
annealing cryoreduced Mb II at 180 K (neutral pH) converts
to the stable aquoferric form by proton transfer to the
hydroxide ligand only at temperatures above 200 K. These
contrasting behaviors highlight the presence in CPO of an
efficient distal-pocket proton delivery network that is absent
in the “globins”, whose heme pocket does not support low-
temperature proton delivery.

Mossbauer spectroscopy indicated that CPO II also
contains a minority (~30%) of the [Fe(IV)=0]>" form (27),
but only a single EPR signal is seen upon cryoreduction and
only a single species was seen in the RR studies (/). Possible
explanations include the following: (i) the minority species
has a low cryoreduction yield; (ii) cryoreduction of the
minority ferryl form is followed by protonation at 77 K,
resulting in the same observed state for majority and minority
species and (iii) lack of the minority species in the samples
under the study.

HRP Il and CCP ES. The '"H ENDOR and EPR data for
irradiated CCP ES and HRP II also show that cryoreduced
CCP ES contains [Fe(III)-OH]?**, and the same is true for
both A and B species formed by cryoreduction of HRP II.
As with Mb 11, cryoreduced HRP II displays two spectro-
scopically distinct [Fe(II)—OH]>* species, A and B (Table
1), suggesting the presence of two conformational substates
in HRP II whose structural differences involve the ferryl
center; likewise cryoreduction also showed the presence of
two conformers of oxy-HRP (32, 33). The relative popula-
tions of these substates depend only slightly on pH within
the range pH 6—10.5 (Table 1) although the EPR properties
of the species do depend on pH (Table 1) This behavior
correlates with the RR report of a conversion between two
forms of HRP II (pK = 8.9) which was attributed to an
increase in the strength of the hydrogen bond to the ferryl
oxygen, such as might occur upon protonation of distal His
42 (3). It is not clear why the RR spectra do not detect two
species A and B at pH values below the pK of the transition.

Unlike the case of CPO II, RR, Mossbauer and EXAFS
studies for CCP ES and HRP II indicate that the parent states
contains [Fe(IV)=0]*", not [Fe(IV)—OH]** (8). In opposi-
tion to this, long Fe—O bond distances, characteristic of a
single bond, were seen in the X-ray structures of CCP ES
(1.87 A) (22) and HRP 1II (1.83 A) (19). However, as noted
above, it has become clear that reduction of high-valent
hemes in the X-ray beam during data collection is a common
occurrence (24), and we thus accept the spectroscopic
assignments. As a result, our observations imply that the
[Fe(III)—OH]J*" hemes observed subsequent to 77 K cry-
oreduction are formed by reduction of the [Fe(IV)=0]>* to
[Fe(TI)—O]", followed by protonation of this unit at 77 K.
This is consistent with our earlier demonstration that facile
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proton transfer can occur in the heme pocket of O-activating
enzymes down to liquid helium temperatures. Thus, proton
transfer to cryogenerated peroxoferric heme center was
observed at ~6—7 K in cryoreduced oxy-heme oxygenase
(30), and at T < 77 K for cryoreduced oxy-P450cam (31),
oxy-HRP (32, 33) and oxy-CCP (unpublished). The D251N
mutation of P450cam, which was suggested (53) to hinder
proton transfer to the heme center, and this mutation blocks
the proton transfer until 160 K (37).

Overall, we thus see a strong correlation between the ease
of proton delivery to the [Fe(I)—0]*" and [Fe(IIT)(02)*> ]~
centers formed, correspondingly, by cryoreduction of
[Fe(IV)=01** and [Fe(II1)(O,)*>"] hemoprotein centers. In
both cases protonation only occurs at 77 K or below for a
peroxidase or monooxygenase enzyme, and not for a
“globin”. We attribute this difference to the presence of an
elaborate distal-pocket hydrogen-bonding/proton-delivery
network in the enzyme, connected by H-bonds to the oxy-
ferroheme or ferrylheme.
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