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The clectron paramugnetic resonance (EPR) and neareinfrared magnetic circulir dichroism (MCD) spectra of the azide and cyanide adducts of

nitrimyoglobin and hydroperoxidanse 1l from Escherichia coli hive been messured ut eryogenic lemperatures, For the first time, ligand-to-meial

charge-transfer transitions in the near-infrared have been observed for an Fe(lil)-chlorin system. [t is shown that near-uliraviolet-to-visible region

electronie spectra of ‘green’ hemes such us these ure un unreliable indicator of mucrocyele type. However, the combined upplisution of EPR and

near-infrared MCD spectroscopics elearly distinguishes belween the porphyrin-containing nitrimyoglobin and the ehlorin-containing hydroperox-
idase 11,

Eleciron parumagnetic resonance: Magnetie cireulur dichroism: Cutaluse: Hydroperoxidase, Nitromyoglobin: Chlorin: Nitriheme

. INTRODUCTION

The majority of hemoproteins, sometimes in addition
to other non-heme cofactors, contain iron-protopor-
phyrin IX (i.e. protcheme) as the only kind of macrocy-
clic iron complex. However, u significant number of
examples are now known in which some alternate heme
structure is found [l]. A noteworthy feature of these
‘unusual’ hemes, is that where they occur, they are ale
ways observed to be the substrate binding prosthetic
group, even if protoheme is also present, There is cur-
rently not enough data available on the physiochemical
properties of the unusual hemes to explain why they
have evolved to fulfill certain enzymatic functions,
seemingly in preference to other cofactors. For exam-
ple, Eschierichia cali produces two catalases, hydroper-
oxidase | and hydroperoxidase II, with the latter con-
taining an unusual heme as the only prosthetic group
[2]. The structure of this heme has quite recently been
shown to be a chlorin type system, with the identical
core structure as heme « found in a terminal oxiduse
complex from the same bacterium, but as a different
isomer [3].

Near-infrared magnetic circular dichroism (MCD)
spectroscopy, in conjunction with electron paramag-
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netic resonance (EPR) measurements, has been shown
o be a powerful method for studying low-spin ferric
hemeproteins, particularly in the area of axial ligand
assignment [4]. Until now, all substantiated cases of
near-infrared MCD signals observed for hemoproteins
have involved a fully unsaturated tetrapyrrole (i.e. por-
phyrin) ring. The present study was undertaken in order
to determine the feasibility of extending this ligand as-
signment methodology to include chlorins and we now
report the detection by MCD spectroscopy of near-
infrared ligand-to-metal charge-transfer transitions for
low-spin derivatives of hydroperoxidase I1, In addition,
and for purposes of comparison, we have also measured
the near-infrared MCD and EPR spectra of the analo-
gous low-spin derivatives of metnitrimyoglobin. De-
spite having split Soret bands in (he absorption spectra
of all its reported derivatives, suggestive of the presence
of a chlorin ring. this green hemopretein contains a
porphyrin macrocyde {5]. The results provide an in-
structive lesson concerning the unreliability of near-ul-
traviolet-to-visible region electron absorption spectra as
a ‘fingerprint’ of heme type.

2. EXPERIMENTAL

Previously published procedures were used to prepare hydroperox-
idase 11 {2] und nitromyoglobin [§]. Heme ¢ concentrations were deter-
mined for the uncomplexed hydroperexidase 1l using gw = 19
mM™.em™' {6]. Nitriheme concentrations were delermined using £,
= |6 mM~"em™' and 5,5 = 13 mM~"em"' for the azide and cyanide
adducts of metnitrimyoglobin, respectively (7].

EPR spectra were obtained using a hybrid insirument consisting of
4 Varian E102E console. used to provide the field modulation to a
Bruker B-E 25 magnet, with an ER 082 power supply and B-H 15 field
controller, plus a Varian E102 microwave bridge, The spectrometer
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wiis fitted with un Oxlord instruments ESR 900 liquid helium Now g-value

cryostut, ) _ ' A 2
MCD spectra were recorded using un Aviv Associutes 41 DS circular

dichroism spectrameter in conjunction with a Cryomugneticx Ingorpo-

ruted eryomugnet. A siugle spectrum” consists of data recorded with

the upplied field in the forward direction minus the reverse ficld duta,

the difference being divided by two. In this munner, contributions
urixing from natural circulur dichroism are substructed from the spese
trum,

=

3. RESULTS . .
-N
In Fig. 1 are shown the X-band EPR spectraat 11 K NMB -N3
ol the azide and cyunide complexes of hydroperoxidases 92277220172

[I (HPII) and metnitrimyoglobin (NMb®). The broken
lines in Fig. 1B and C indicate where it has been neces-
sary to subtrast a background signal (arising from cav-
ity contaminants) from the data and this has led to some
variability in the results obtained between samples. The B
spectrum of metnitromyoglobin-azide (g, = 2.77, 2.20.
1.73: Fig. 1A) is very like that observed [4] for normal
metmyoglobin-azide (g,,, = 2.77. 2.20. 1.73: Fig. 1A) is J""\

very like that observed {4) for normal metmyoglobin-
azide (g,,, = 2.79. 2.21. 1.73). Similarly. as far as can be
ascertained given that only one g-value is readily deter- M@ =N~
minuble, the spectrum of metnitrimyoglobin-cyanide (g, =2.38 3 16.1.80
= 3.57: Fig. 1C) is very like that observed {4] for normal §=2.30,&15,1
metmyoglobin-cyanide (g,,, = 3.45, 1.89, 0.93). The
spectrum of hydroperoxidase 1I- azide shows a small
rhombic signal around g = 6 (Fig. |B) indicating a oo
minority high-spin species. The low- spin component
(Buyx = 2.38. 2.16, 1.80) is noticeably less rhombic than NMB® =N ¢
the corresponding metnitrimyoglobin-azide spectrum

(Fig. 1A). The low-spin ferric signal of hydroperoxidase 9z=3.97
H-cyunide (Fig. ID. g, = 2.34,2.23. 1.79) is also clearly
less rhombic than the analogous metnitrimyoglobin de-
rivative (Fig. 1C). The spectra of Fig. iB and D are
quite in keeping with the results expected for low-spin l o” "=

FE(I11)-chlorins {8]. -\ M{\,MW"
In Fig. 2 are shown the near-infrared MCD spectra MW

of the azide (1.27 yum low energy maximum) adduects of
maetnitrimyoglobinat4.2 K and 5.0 T. These spectra are
both qualitatively and quantitatively very similar to the
previously reported spectra of the analogous normal
metmyoglobin derivatives [9], but the present data sets D
appear blue shifted by some 120 and 140 ecm™', respec-
tively. The near-infrared MCD spectra of the corre- J
sponding hydroperozidase II derivatives at 2.0 K and

7.0 T are presented in Fig. 3. The native hydroperoxi- gy,
dase I (high-spin ferric system) contained no detectable
bands between 800 and 2,500 nm (data not shown). The MPI=CN™ "M{M
azide adduct has a distinct low energy maximum at g=236,223179

about 1.35 um. The cyanide adduct consists of at least - T

two poorly resolved transitions of similar intensity in

- . - . e - . - . . R ek du—— h d
this region, but 1.6 um is ciearly a reasonabie estimaie 100 200 | 300 400
of the lower energy one and will certainly suffice for Flel

rresent purposes. Note that when the recording condi- 4 @T)

tions are taken into account, the signals of Fig. 3 are
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Fig. |. Xohand EPR spectia ut 11 K. Recording conditions: 2 mW
micrawuve power, 10 G modulution umplitude, 8 min seun tme, 1 5
time constunt. (A) 1.5 mM metpitrimyoglabin-uzide. pH 7.7, in 20mM
HEPES. 2mM in EDTA: 9.21 GMuz, 3.2 x 10* amplifier gain, ¢B) 0.2
mM hydroperoxidase [Lazide, pD 8.4, in 9 mM HEPES, | mM in
EDTA, 54% (viv) d,-ethunediol: 9,20 GHz, 2 x 10* amplifier gain. {C)
1.9 mM metnitrimyoglobin-eyunide, pt 2.7, in 20 mM HEPES, 2mM
in EDTA: 9.21 GMux. 2 x 10* amplifier gain. (D) 0.2 mM hydroperox-
idase ll-cyanide, pD 8.4, in 9 mM HEPES, | mM in EDTA, 34% (v/v)
deecthunediol; 9.22 GHz, 2.5 % 10* umplitier guin.
e

about un order of magnitude weaker than those of 4
typical low-spin Fe(lll)-porphyrin systain like the
metnitrimyoglobin-azide spectrum of Fig. 2. Further-
more, the sample concentration used to produce the
speetra of Fig. 3 was 0.2 mM. Until now, it has com-
monly been the practice to use sample concentrations
of 2-3 times this value i near-infrured MCD studies
(c.8. [9)). Thus, the present hydroperoxidase II spectra
represent signals that are at least twenty-times weaker
than those arising from low-spin ferric hemoproteins
routinely studied by near-infrared MCD spectroscopy
in the past.

4. DISCUSSION

It has previously been quite-well documented that the
energics of the porphyrin (#)-to-ferric (t,,)} ion charge-
teansfer transitions of low.spin ferric hemoproteins,
measured by near-infrared MCD spectroscopy. are sen-
sitive to changes in the ligand ficld experienced by the
heme iron. and thereby provide a means of axial ligand
assignment, More recently, Gadsby and Thomson have
shown {4] that there is, in faet, a linear correlation be-
tween the low energy maximum in the near-infrared
spectrum and the energy of the ferric d,, hole relative
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Fig- 2. Nearsinfrared MCD spectrn of metnitrimyaalabin derivatives

at 4.2 K and 5.0 T applied field. 0.18 mM protein, pD 8.4, in 9 mM

HEPES, | mM in EDTA, 54% (v/v) di-ethunediol; uzide adduct {....).

cyanide adduet (~-) 1.0 mm pathlength, 6 nm maximum specirul
bundwidth, single spectral scans,
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Fig. 3. Neursinfrared MCD spectru of hydroperoxidase 1] derivatives
at 2.0 K and 2.0 T upplied field. 0.2 mM protein, pD 84, in 9 mM
HEPES. | mM in EDTA, 54% (vv) d,-cthanediol; uzide addugt (....).
eyunide adduet (==) 1.0 mm pathiengih. 12 nm maximum spestral
bundwidth, data are the average of 2 spectra,

to the baricenter of the ty, 3d subsheil. These authors
established this empirical relationship using more than
thirly derivatives of metmyoglobin, metleghemoglobin
and ferricytochromes. The present metnitrimyoglobin-
azide data are fully consistent with these previous re-
sults. The metnitrimyoglobin-cyanide data are more dif-
ficult to compare with the earlier results using Gadsby
and Thomson's relationship, because evaluation of the
energy of the ferric d,, hole requires knowledge of all
three principal g-values for the system [10]} and only one
has been reliably determined (Fig. 1C).

More interestingly though, we note that the current
results for low-spin ferric hydroperoxidase 1l deriva-
tives are not entirely consistent with the previous obser-
vations for Fe(l11)-porphyrins. That is, if following ap-
propriate manipulation of the data, these hydroperoxi-
dase Il results are ploited on Fig. 5 of Gadsby and
Thomson paper [4], where their parameterizations are
summarized, it is immediately obvious that the present
Fe(Il1)-chlorin parameters lie a little outside the range
of values delineated by the earlier findings. At this junc-
ture. further discussion is probably unwarranted, since
it would be based on oniy two data points. Suffice it to
say that the current hydroperoxidase Il results of Fig.
3 are at least encouraging insofar as they show that the
position of the low energy maximum is sensitive to the
nature of the axial ligands. However, without many
more well-characterized examples of Fe(lll)-chlorins
with various axial ligands, we cannot confirm the recent
suggestion by Dawson et al. (11] that the proximal li-
gand to iron in hydroperoxidase !I is tyrosinate. Efforts
are presently underway to extend the ncar-infrared
MCD study to some Fe(ll1)-chlorin model compounds.

The eiectronic absorption spectra of nitrimyoglobin
derivatives exhibit a split Soret band and in addition, a
relatively intense @ band in some cases. more like
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chlorin-containing systems than other Fe(lil)-parphy-
tins [5). The Soret band is a degenerate trunsition under
the pseudo-tetragonal (B,,) symmetry usually assumed
for porphyrins [12). It follows that anything causing a
lifting of the degeneracy may produce u split Soret. It
has now become clear that in hemoproteins at leust the
following three fuctors may produce this effect: (i) the
presence of a reduced porphyrin ring. ¢.g. & chlorin: (ii)
the combined effects of certain axial ligunds. especially
mercaptide [13]; (iii) extension of the macrocycle conju-
gation by some exacyclic substituents like the nitrovinyl
group of nitriheme. Furthermore, of course, this leads
to the conclusion that the electronic absorption spectra
of hemes in the near-ultravioiet-to-visible region can be
wholly unreliable indicators of mucracycle type, since
they cannot casily distinguish between these possibili-
ties.

On the other hand, based on the information docu-
mented herein, the combined application of EPR and
near-infrared MCD spectroscopies to low-spin ferric
derivatives appears to unambiguously distinguish be-
tween porphyrins and chlorins. In particular, near-in-
frared MCD signals of similar intensity to those of Fig-
ure 2, wisich ure detectable in experiments at room tem-
perature, are indicative of u porphyrin ring being pres-
ent. So, for example, the intense near-infrared transi-
tions reported by Eglinton et al. [14] for the cyanide
adducts of myeloperoxidase do not support the pres-
ence of a chlorin ring. but are more in keeping with the
suggestion of Sono et al. [15] that the green heme of this
enzyme contains a porphyrin macrocycle.

Low energy charge-transfer transitions, like those of
Figs. 2 and 3, have not yet been detected for hemes with
more reduced macrocycles than chlorins. Consequently,
it is at this time unclear if the Fe(II)-chlorin spectra of
Fig. 3 are distinct from, say, those of low-spin Fe(III)-
isobacteriochlorin  derivatives. However, this /s ex-
pected to be the case. It has recently been argued that
the near-infrared MCD transitions observed for low-
spin hemes are of maximum intensity when the hole in
the ty, 3d subshell of the ferric iron is equally divided
between the d,, and d,, orbitals, but drops to zero if the
hole becomes localized in only one [16]. Naively then,
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the more reduced the porphyrin ring, the greater are the
chances that the ferric ion d,, and d,, orbitals will have
significuntly different energies. lending to decreased
MCD intensity in the following anticipated order:
Fe(lll)-porphyrin > Fe(lll)«chlorin > Fe(ll)-iso.
bacteriochlorin. These expectations remain to be exper-
imentally verified.
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