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"Would you tell me, please, which way I ought to go
from here?”

"That depends a good deal on where you want to get to,” said
the Cat.

"I don't much care where —-—-" said Alice

"Then it doesn't matter which way you go”, said the Cat.

--- s0 long as I get somewhere,” Alice added as an explanation.
"Oh, you're sure to do that,” said the Cat, "if you only walk long

enough.”

Lewis Carroll, "Alice's Adventures in Wonderland", 1887.

"... at the earlier stages of life we think we know
everything - or to put it more usefully, we are often unaware of
the scope and structure of our ignorance. Ignorance is not just
a blank space on a person's mental map. It has contours and
coherence, and for all I know rules of operation as well. So as
a corollary to writing about what we know, maybe we should add
getting familiar with our ignorance.”

Thomas Pynchon, "Slow Learner”, 1984
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ABSTRACT

HEMERYTHRIN. STRUCTURAL DETAILS FROM SPECTROSCOPIC ANALYSES.

Andrew Kurt Shiemke, Ph.D.

Oregon Graduate Center, 1985

Supervising Professor: Thomas M. Loehr

The binuclear active site of hemerythrin consists of octahedral
iron atoms bridged by an oxo group (02-). The vibrations of this Fe-0-Fe
unit dominate the resonance Raman spectra of most forms of hemerythrin.
From the analysis of such spectra, details of the binding site structure
of oxy, hydroxomet and methemerythrin have been revealed.

The bound O2 group of oxyhemerythrin is identified as a hydro-

peroxide based on shifts of the 0-0 and Fe—-O2 stretching vibrations in

18
D20 and 02.

permit the conclusion that the hydroperoxide is bound end-on to a single

Our discovery of the Fe-0-Fe vibrations of oxyhemerythrin

iron of the binuclear cluster. Deuterium exchange also affects the
vs(Fe—O—Fe) vibration of oxyhemerythrin, causing a shift from 486 cm“1 in
HZO to 490 cm-1 in D20. The deuterium effect on vS(Fe—O—Fe) is unique

to oxyhemerythrin and leads to the proposal of an intramolecular hydrogen
bond between the oxo bridge and the hydroperoxide ligand. The low
frequency of the oxyhemerythrin vs(Fe—O-Fe) vibration (486 cmnl) relative

to those of the methemerythrins (506-516 cm—l) is also attributed to this

hydrogen bond interaction.

xii



In the resonance Raman spectrum of hydroxomethemerythrin two peaks
at 492 and 506 c:m-1 shift to 478 and 491 cm_l, respectively, upon 18O
substitution of the bridge, identifying both as VS(Fe—O-Fe) vibrations,
and indicating the existence of two distinct conformations of the metal
center. The low frequency of the 492 cm_1 Fe-0-Fe vibration is
attributed to an intramolecular hydrogen bond between the oxo bridge and
the hydroxide ligand in the cis conformation. The 506 c:m—1 vs(Fe—O-Fe)
mode 1s attributed to the trans conformation which lacks this hydrogen
bond. This proposal is supported by the observation of a
temperature-dependent equilibrium between the two conformations. The
change in concentration can be monitored by the redistribution of
intensity between the two vS(Fe—O-Fe) modes with the cis species becoming
the dominant form as the temperature is reduced. A linear van't Hoff
plot over the range 310 to 90 K yields a AH®° of -0.4 kcal/mole for the
hydrogen bond.

A temperature-dependent effect on the Raman spectrum of unligated
methemerythrin is also observed. Below 200 K, a second vs(Fe—O-Fe) mode
at 490 cm-l, is observed in addition to the 510 cm_1 mode, indicating
that the metal center may adopt two conformations. The equilibrium
between these two conformations is not linear with temperature and is
thus attributed to a change in protein conformation which affects the
geometry of the ligand binding iron. Our observation of two active site
geometries correlates well with a number of reactions of methemerythrin

which depend on a change in protein conformation.

xiid



CHAPTER I

The Resonance Raman Spectroscopy of Hemerythrin.

An Overview.

To be Published as "Non~Heme Respiratory Proteins”.
by Andrew K. Shiemke and Thomas M. Loehr,

Chapter 3, Volume IV of Biological Applications of Raman Spectroscopy,
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INTRODUCTION

All aerobic organisms utilize oxygen and many of them require
respiratory proteins to carry out the binding, transport and storage of

0 Respiratory proteins can be divided into three classes based on the

9"
diverse nature of their oxygen binding sites: hemoglobin, hemerythrin
and hemocyanin. The most ubiquitous and most extensively studied are
hemoglobin and myoglobin which use a heme prosthetic group (Fe
protoporphyrin IX) to bind molecular oxygen. In the non-heme respiratory
proteins, hemerythrin and hemocyanin, this function is performed by
binuclear iron and copper centers, respectively. The different methods
of oxygen binding employed by these respiratory proteins seem well
adapted to the living conditions of the organisms in which they are
found. Since the hemoglobins and hemocyanins occur in animals which
range over large areas, the need to respond to changing external
conditions is crucial. Oxygen binding in these proteins is under both
homotropic and heterotropic allosteric control.l’2 Such controls also
enable these proteins to respond to the various requirements of different
internal tissues, an important factor in their O2 transport function.

The hemerythrins, on the other hand, are found in sedentary creatures and
in most cases have neither homotropic nor (natural) heterotropic
effectors. The animals which use hemerythrin are generally less advanced
than those using hemoglobin or hemocyanin, having a minimal vascular
system. Thus hemerythrin acts principally to store molecular oxygen, a
function to which it is well suited given the high thermodynamic

stability of its oxygen adduct.3



For all respiratory proteins, oxygen binding is an oxidative
addition process that consists of electron transfer from a reduced metal
center in the deoxy form of the protein to the dioxygen molecule in the
oxygenated form. In hemoglobin and myoglobin, a single electron is
transferred from the ferrous heme with the result that oxygen is bound as

superoxide (Equation 1).1

0
—N-FE = + 0, < :___IN-[l:E'_N::::

(L

In both of the non-heme respiratory proteins, the metal ions of the

binuclear center act jointly, transferring two electrons thus allowing

oxygen to bind as peroxide (Equations 2,3).2’3

: H P -
L P

His—Fg~ “FF— His + 0, = s \FEV'\an———/ His (@)

His” V SHis His” v NHis

His His His\ His
. I I . N . I
His—Cu Cy—His + (:)2 S H1S—CU’D\O/CUH—H1'5(3)
: i . 7 :
His His His His

While colorless in the deoxy state, oxygenation of hemerythrin and
hemocyanin causes a dramatic color change to red and blue, respectively.
The electronic transitions which are responsible for the color of these
proteins also effectively enhance Raman spectra of their binding sites.

Resonance Raman spectroscopy of the non-heme respiratory proteins has



been very successful in elucidating the state of the bound dioxygen and
its manner of binding. Information on the interaction between the metal
centers and other ligands of these proteins has also been forthcoming
through this technique. This contrasts with the resonance Raman spectra
of the hemoglobins which yield much information on the porphyrin ring but

relatively little direct information on metal-ligand interactions.4
HEMERYTHRIN

Hemerythrin is found in sipunculids, annelids, priapulids, and
brachiopods. The basic protein unit is a single polypeptide chain with
a molecular weight of~13,500 Daltons.3’5 The protein is most often
found as an octamer, but dimers, trimers and tetramers are also known;
with one exception these oligomers are non—cooperative.6 An analogous
monomeric O2 storage protein, myohemerythrin, has also been isolated.
In the deoxy state, hemerythrin contains a binuclear ferrous site which

binds oxygen in a two Fe per O, ratio, resulting in a peroxide-bound,

2
binuclear ferric site. Such a binuclear ferric center is also found in
methemerythrin which, although incapable of binding molecular 02, avidly
binds small anions.

A large body of structural information exists from the many
x-ray diffraction studies performed on hemerythrin and myohemerythrin.7’8
The octameric quaternary structure in hemerythrin may be described as a
two-layer square doughnut encompassing a large central cavity, with
overall D symmetry.8 The four subunits of each layer are arranged in an

4

end-to-side fashion and the two layers are related through a C2 rotation.

The binuclear iron center of each monomeric unit is held by amino acid



side chains and located between four anti-parallel o-helices. A
confacial bioctahedral structure of the binuclear iron cluster is
revealed by high resolution studies of oxyhemerythrin, methemerythrin,
azidomethemerythrin and azidometmyohemerythrin.9_12 The three bridging
groups, as shown in Figure 1, are carboxylates from Asp and Glu and an
0x0 (02_) species derived from solvent. The octahedral geometry of one
iron atom is completed by ligation of three histidine nitrogens whereas
the other iron is coordinated to two histidine nitrogens and an exogenous
ligand.

The strong antiferromagnetic coupling of the irons in the ferric
derivatives of hemerythrin (-J = 134 c:m-l for methemerythrin and 77 cm-1
for oxyhemerythrin) is facilitated by the oxo bridge.13 The magnetic
interaction via the oxo bridge also causes the Mdssbauer spectra of
hemerythrin to have AEq > 1.0 mm/s,14 whereas monomeric ferric complexes
have AEq < 1.0 mm/s.15 Magnetic coupling of the iron atoms also results
in a signiticant enhancement of the intensiry of the metai-based d-d
transitions.l6 Additionally, the oxo-bridged binuclear Fe(III) site of
hemerythrin is responsible for the intense electronic transitions located
between 300 and 400 nm.l4 These have been assigned as 02— » Fe(I1I)
charge transfer in origin,17 and have become increasingly important in
the resonance Raman spectroscopy of hemerythrin.

Though oxo-bridged Fe(III) dimers have long been known,15 only
recently have triply-bridged analogs of the hemerythrin binding site been
synthesized.lg_21 In these model compounds, the iron atoms are bridged
by two carboxylates in addition to the oxo group-. The coordination

sphere of each metal is completed by a tridentate capping ligand. Under

the proper solution conditions, these tribridged complexes assemble



spontaneously, an indication of the intrinsic stability of this
structural unit. The magnetic, Mossbauer, and optical spectral
properties of the triply-bridged models are completely analogous to those
of the ferric hemerythrins. More significant for this review is a
comparison between the resonance Raman spectral properties of these
models and the methemerythrins. Certain oxo-bridged dimers share with
hemerythrin the property that the Fe-O-Fe vibrational modes are strongly

enhanced, particularly with UV excitation.
METHEMERYTHRINS

Fe-0-Fe Vibrations. The earliest suggestions that hemerythrin
contained an Fe-0-Fe structural unit were based primarily on magnetic
susceptibility, Mdossbauer and optical spectroscopic measurements of this
metalloprotein.14a This assumption has recently been confirmed by
X-ray crystallogx:aphy,9_12 and EXAFS studies,23 but the first direct
evidence for the Fe-0-Fe moiety came from resonance Raman spectroscopy.
A bent Fe-0-Fe unit has three normal modes of vibration: a symmetric
stretch [vS(Fe—O—Fe)], an asymmetric stretch [vaS(Fe—O-Fe)], and a
bending mode [ (Fe-0-Fe)]. All three are Raman active with the
vS(Fe—O—Fe) mode expected to be much more intense than the other two.
Klotz and co-workersZA first discovered the vs(Fe—O-Fe) vibration as
a sharp peak at 507 crn_1 in the resonance Raman spectrum of
azidomethemerythrin (Fig. 2). It was later foundzs-27 that all
methemerythrins disﬁlay a peak near 510 cm-1 (Table 1).

The initial suggestionZ’ that this peak is due to vS(Fe—O-Fe) was

based on the similar frequency of analogous vibrations in various



M-0-M model compounds. However, in contrast with the facile oxo bridge
exchange exhibited by most Fe-0-Fe complexes,15 incubation of the
protein in 18O water had no effect on the frequency of the "510-cm—1

peak.26 This discrepancy was resolved when Kurtz et al.27 found that

addition of sodium azide to oxyhemerythrin in H2180 resulted in
azidomethemerythrin with vS(Fe—O—Fe) at 493 cm_1 (Fig. 2). Similar
shifts could also be induced by adding salts of cyanide or cyanate to
oxyhemerythrin in 180 water, but all other anions were found to have no
effect on bridge exchange.25 A more general method of bridge exchange
was recently reported by Shiemke et al.18 These authors found that the
~510-cm.1 peak shifts 14 c:m_1 to lower frequency in all methemerythrins
when these are prepared from deoxyhemerythrin which had been incubated
in HZISO (Table 1).

The bridge substitution experiments also revealed the asymmetric
and bending modes of the Fe-O-Fe moiety (Table 1). The asymmetric
stretching mode is a common feature in all of the methemerythrin spectra.
It occurs between 750 and 785 cm_1 and shifts ~35 c:m-1 to lower energy
with 18O exchange of the bridge. In contrast to the general observation
of vS(Fe—O—Fe) and Vas(Fe-O-Fe), the bending mode has been observed for
only a limited number of adducts of methemerythrin {Table 1). The
closely related azide (Fig. 2) and cyanamide derivatives have well
resolved §(Fe-O-Fe) peaks of moderate intensity near 290 cm_l; both
shift ~5 cm—1 to lower energy upon 180 bridge substitution. The bending
mode of thiocyanatomethemerythrin also occuré at 290 cm-l, although it
is not resolved from the several components of the intense feature

centered ar 293 cm—1.28



The Fe-0-Fe vibrational frequencies of the ferric hemerythrins
(Table 1) are essentially independent of the exogenous ligand, and the
slight variations in frequency that are observed do not correlate with
any property of the exogenous ligand (e.g., size, ligand field strength,
or m-donor/acceptor ability). However, the frequencies of the symmetric
and asymmetric stretching vibrations in binuclear complexes having a
single atom bridge are strongly affected by the bridge angle.29’30
Thus, the slight variations in Fe-0-Fe frequencies of the methemerythrins
probably stem from small differences in the bridge angle brought about by
exogenous ligand substitution. Given the vS(Fe—O—Fe) and/or vas(Fe-O-Fe)
frequencies and their respective shifts with 180-bridge substitution,
this angle may be calculated.298 For example, a value of 130° has been
determined for azidomethemerythrin,27 which compares well with the bridge

10,31 The inverse

angle of 129-135° determined by x-ray crystallography.
by the oxo-bridged binuclear iron models listed in Table 1 (the
triply-bridged structures have angles smaller than hemerythrin; the
singly~bridged structures have larger angles). The relatively invariant
Fe—0-Fe vibrational frequencies of the ferric hemerythrins indicate that
these structures have similar bridge angles, reflecting the constraints
placed on the binuclear iron site by the protein tertiary structure.
Furthermore, recent x-ray crystallographic studies of deoxyhemerythrin
indicate that reduction to the ferrous state also has little effect on
the overall structure of the binuclear iron center.

Role of Fe—0-Fe im Optical Spectra: Non—chromophoric
methemerythrins. The optical spectra of the various derivatives of

ferric hemerythrin share many similar characteristics (Table 2, Fig. 3).



Generally, they have two peaks in the near UV region of the spectrum with
the stronger of the two located between 320-335 nm (¢ = 5600-7200 M_l
cm-1 per Fez). On the basis of their visible spectra, the
methemerythrins may be divided into two classes: chromophoric and
non-chromophoric (Table 2). The former exhibit intense ligand to metal

1

charge transfer (IMCT) transitions (e > 3000 M cm—1 per Fe between

9)
400 and 600 nm, whereas the latter have only a weak feature at ~480 mm
(e < 800 M-1 cm-l) in addition to ligand field transitions at lower

; 16
energies.

The nearly identical optical spectra among the non-chromophoric
methemerythrins is an indication that the observed transitions originate
from a common ligand. In the resonance Raman spectra of this class of
derivatives, only Fe-0-Fe vibrations exhibit strong intensity
enhancement.. The vs(Fe—O-Fe) mode is moderately enhanced with 457.9 nm

excitation (50- to 100-fold enhancement vs. vl(SOAZ-) at 981 cm—l),25’28

enhancement at 363.8 nm versus 457.9 nm).2 The high energy excitation
also enhances the vaS(Fe—O—Fe) mode which cannot be observed at all with

18,28 These

visible excitation of the non-chromophoric derivatives.
enhancement characteristics strongly suggest that charge transfer from
the oxo bridge to the iron contributes strongly to all of the electronic
transitions in the optical spectra of the non-chromophoric
methemerythrins.28

Model compounds. Although most oxo—-bridged binuclear iron
complexes reproduce the magnetic and Mossbauer parameters of the

methemerythrins, they are generally inadequate spectral models for the

ferric forms of the protein.15 A particular example of this is the study
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by Shriver and coworkers,32 who examined several oxo—-bridged compounds
bﬁt found no resonance enhancement of Fe-0-Fe vibrations with visible
excitation. In fact, for most of these dimers the Fe-0-Fe vibrations
were not observed even in normal Raman scattering. We have examined many
of the same complexes with near-UV excitation with the same result:
Fe-0-Fe vibrations (if observed) are not strongly enhanced.33 Complexes
in this category include those with saturated aliphatic nitrogen ligands
(e.g., the singly-bridged Fe(HEDTA) dimer and the triply-bridged TACN
dimer) and those with phenolate ligands (e.g., the singly-bridged
Fe(Salen) dimer). The ferric phenolate ligation in the purple acid
phosphatase proteins34 may therefore be responsible for the fact that
these proteins do not exhibit strongly enhanced Fe-0-Fe vibrations,33
despite the mounting evidence that an oxo-bridged iron dimer is present.
Exceptions to the above behavior are shown by the singly-bridged

19,30 the ligands of

Fe(phen)2 and the triply-bridged Fe(HszB) dimers,
which bind via unsaturated, heterocyclic nitrogens, as do the imidazoles

in hemerythrin. The FeZO(OAc)z(Hsz complex is a particularly good

3)2
spectroscopic model for the binuclear ferric center of hemerythrin. The
model compound has two near-UV transitions (slightly more intense than

in hemerythrin, Table 2) and, as in the protein, the higher energy band

§8:22 Excitation coincident with these

is the stronger of the two.
near-UV transitions in the Hsz3 capped complex affords strong
enhancement of the vs(Fe—O—Fe) Raman vibration19 at a frequency similar
to that of hemerythrin. In addition, resonance-enhanced §(Fe-0-Fe) and
infrared-active vas(Fe-O—Fe) vibrations are observed at frequencies

similar to those in the protein (Table 1). A nearly identical set of

near-UV electronic transitions and Fe-0-Fe vibrations (Tables 1,2) is
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observed for the enzyme ribonucleotide reductase from Eﬁ_ggli.Bs Thus,
it is likely that this protein also contains a
(u—oxo)bis(u—carboxylato)Fe2 core. Further more, since its symmetric
Fe-0-Fe vibration exhibits a similar resonance enhancement profile to
that of non-chromophoric methemerythrins, the reductase very likely also
possesses imidazole ligands from the protein.

The visible spectra of the two triply-bridged model complexes are
reminiscent of the non-chromophoric methemerythrins in the location of
their absorption maxima and in the size of their extinction coefficents
(Table 2). The assignment of the visible transitions of the
non-chromophoric methemerythrins as 02— (bridge)> Fe(III) charge transfer
is fairly certain, but the same cannot be said for the triply-bridged
models. Moderate to strong enhancement (50- to 100-fold vs. sulfate) of
vs(Fe—O-Fe) is observed with visible excitation of these protein
derivatives,28 whereas much weaker visible enhancement ( 10-fold vs.
sulfate) is observed for the Hsz3 and TACN capped models.33 In
addition, vibrations of the carboxylate and/or capping ligands are

9,22 but only Fe-0-Fe vibrations

resonance enhanced in the model spectra,1
are observed in the resonance Raman spectra of the non-chromophoric
methemerythrins (Tables 1 and 3). 1In fact, among all the hemerythrin
derivatives examined there is only one example (methemerythrin, Table 3)
of endogenous ligand vibrations being Raman active.28 In that one case
the carboxylate bending mode gains intensity only through coupling to
vs(Fe—O—Fe), indicating that the carboxylate and imidazole ligands do not
contribute to the optical spectra of the protein.

These differences with respect to Raman enhancements in the

visible region may indicate that the electronic transitions responsible



[
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for vibronic coupling are localized on the Fe-0-Fe molety in the protein
but extend over additional ligand groups in the model compounds. This
type of enhancement mechanism is assumed to occur via orbital mixing
among the different ligand types or between ligand and metal and has the
effect of distributing the excited state distortion throughout the
molecule. Such an effect might also explain the greater number of
electronic transitions in the visible region for the triply-bridged
models and the dramatic change in these transitions upon substitution of
the carboxylates with bridging phosphate36 or H‘zsz2 groups.22 In
view of the similar atomic structure of their binuclear iron centers the
above dissimilarities between the models and hemerythrins are puzzling.
The cause of these differences in electronic structure remains a subject
for further investigation.

Chromophoric Methemerythrins. The near-UV enhancement of the
chromophoric methemerythrins is analogous to that of the non-chromophoric
derivatives: \%(Fe-O-Fe) and vas(Fe-O—Fe) are strongly enhanced and

18,28 Thus the near-UV transitions of

other modes, if observed, are weak.
the chromophoric methemerythrins can also be assigned as oxo bridge to
Fe(III) charge transfer.18 This is not surprising given the similar
energy and intensity of these transitions among all the ferric
hemerythrins (Table 2). The chromophoric methemerythrins also exhibit
strong enhancement of Fe-0-Fe vibrations with visible excitation, often
greater than with near-UV excitation. Though a detailed enhancement
profile has been constructed only for azidomethemerythrin,18 thils
behavior appears to be a general property of the chromophoric

methemerythrins: excitation into the 452 nm SCN  »Fe(III) or the 425 nm

NCNH-.§ Fe(III) charge transfer bands of thiocyanato- and



[
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cyanamidomethemerythrin, respectively, enhance all three Fe-0-Fe
vibrations as well as exogenous ligand vibrations.ls’28

The visible spectrum of azidomethemerythrin appears to consist of
multiple electronic transitions. This is borne out by its enhancement
profile (Fig. 3). The maxima at 430 and 520 nm provide enhancement
only for vs(Fe—O-Fe) and vas(Fe-O-Fe) and, thus, are assigned as 02-
(bridge) + Fe(III) charge transfer. These transitions may be analogous
to the 02- (bridge) » Fe(III) charge transfer at ~480 nm in the
non-chromophoric methemerythrins, with perhaps additional contribution
from exogenous ligand based charge transfer. There is an additional
transition at ~ 495 nm which obviously corresponds to a N3- + iron charge
transfer transition since it provides maximal enhancement of both Fe-N
and N=N stretching vibrations of the bound azide (Fig. 3).

A somewhat unusual feature of the excitation profiles for
azidomethemerythrin is that the Fe-0-Fe bending mode is in resonance with
the 495 nm N3_ + (Fe(III) charge transfer transition (Fig. 3), rather
than any of the electronic transitions assigned as 02— + Fe(III). A
possible explanation relates to the fact that the Fe-N stretch of the
bound azide requires movement of the ligand-binding iron atom (Feb of
Figure 1) toward the center of the binuclear iron cluster. This requires
analogous movement of the second iron in order to maintain the molecular
center of mass, yielding an overall motion that approximates the Fe-O-Fe
bending vibration. Since the excited state'distortion37 of an L
(exogenous ligand) > Fe(III) charge transfer transition encompasses this
Fe-0-Fe motion, any such electronic transition will enhance the Fe-L

(exogenous ligand) stretch as well as §(Fe-0-Fe). This latter

generalization appears to hold true for all the chromophoric
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methemerythrins. The &(Fe~0-Fe) mode is a general feature of these
derivatives (Table 1) and is in resonance with exogenous ligand Fe
charge transfer transitions.la’28
Ligand Vibrations. The visible spectra of the chromophoric
methemerythrins (including oxyhemerythrin, Section 4) are quite strongly
influenced by the nature of the exogenous ligand. This is demonstrated
by the variation in the energy of the visible charge transfer band upon
changing the exogenous ligand (Table 2) and by the resonance enhancement
of exogenous ligand Raman vibrations with visible excitation.zs_z7 of
the four chromophoric methemerythrins for which intense exogenous ligand
vibrations are observed (Table 3), the N3_ and SCN derivatives have been
thoroughly studied via isotopic substitution and their Raman spectra have
been completely assigned. Excitation of azidomethemerythrin with visible
light yields a Raman spectrum with strong peaks at 375 and 2050 cm—1
(Fig. 4), in addition to Fe—0-Fe vibrations discussed above.24’27
These features shift to 368 and 1983 cm-l, respectively, upon
14

substitution of 15N3" for "N,

Fe-N stretch [v(Fe-N)] and N=N stretch [v(N=N)], respectively, of the

= (Fig. 4), and identify these peaks as the

bound azide ligand (Table 3). Similarly, various isotopes of SCN have
been used to identify peaks at 2043 and 840 c:m--1 as the CZN [v(C=N)] and
C-S [v(C-8)] stretching vibrations of thiocyanatomethemerythrin.26’27
Although heavy isotopes of SCN induced no shift in the 298 atn ™ Hieak,
this feature was suggested to contain the iron-thiocyanate vibration
owing to its large intensity.27 Our studies have shown that the 298
c:m-1 peak contains at least three components, a major one being the

Fe-0-Fe bending mode (Table 1).28 The other components have reasonable

frequencies for the Fe-N stretch and Fe-N-C bend of the bound thiocyanate
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and show the expected shift to lower energy (7275 cm-l) when the sulfur
is replaced by selenium in selenocyanatomethemerythrin (Table 3).

Study of these ligand vibrations has provided much information on
the manner of ligand binding to methemerythrin. For example, thiocyanate
has the ability to bind to iron via either the nitrogen or the sulfur
atom. The frequenciles of V(CEN) and particularly v(C-S5) can be used to
distinguish these linkage isomers, and in the case of
thiocyanatomethemerythrin, led to the proposal that the SCN binds to the
iron via its nitrogen atom to give the complex, Fe—NEC-S.27 This was
subsequently verified by x-ray diffraction studies of
thiocyanatomethemerythrin.39 In view of their similar Raman spectra
(Tables 1, 3), it is likely that SeCN binds in a manner analogous to
that of SCN .

Given the presence of a binuclear iron center in hemerythrin, it
was recognized that the azide ion could bind either to a single iron, or
bridge ihe iwo wmetals via one or both of the terminal nitrogen atows
(Fig. 5). Kurtz et a1.27 used unsymmetrically-labeled azide, lleleaN_,
to discriminate among these three possible structures before the
endogenous bridging ligands were identified crystallographically.
Structure a (Fig. 5), in which the terminal nitrogen atoms are
equivalent, should yield a single (Nz=N) peak, whereas structures b and
¢, with inequivalent terminal nitrogens, should show a splitting of

v(N=N) with 15NIANMN-. In the observed spectrum just such a splitting

occurs with peaks at 2044 and 2032 cm-1,27 thereby ruling out structure

a. Subsequent x-ray crystallographic studies10 revealed that structure c

is indeed correct for azidomethemerythrin (Fig. 1).
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£2458 spectral properties of the

The optical28 and resonance Raman
cyanamide adduct of methemerythrin are very similar to those of
azidomethemerythrin (Tables 1-3). Thus, even in the absence of isotope
substitution data, the ligand vibrations of cyanamidomethemerythrin can
be assigned by analogy to those of the N3— adduct (Table 3). The
deuterium isotope shift of v(Fe-N) from 384 to 379 cm-1 shows that
cyanamide exists as NCNH rather than NCNZ_.28 This observation
indicates that cyanamide binds to the iron via its protonated nitrogen.
This complex, Fe-NH-C=N, is analogous to that observed for
azidomethemerythrin (Figs. 1, 5¢).

The only exogenous ligand vibrations observed for the
non-chromophoric methemerythrins are the Fe-OH stretch of
hydroxomethemerythrin and the Fe-N stretch of the bound OCN in
cyanatomethemerythrin (Table 3). The former 1s assigned on the basis of
shifts in H2180 and D,)O.40 The iron-cyanate stretch is identified
primarily by the similarity of its frequency to the Fe-N vibrations of
azide and cyanamide. The cyanate vibration is enhanced only with near-UV
excitation,28 whereas the Fe-0OH stretch is observed with both visible
and near-UV excitation. However, in contrast with the chromophoric
derivatives, the Fe-L stretch of the OH and OCN adducts are minor
features in their resonance Raman spectra, indicating that these
exogenous ligands make little or no contribution to the optical spectra.

The resonance Raman spectrum of (ligand-free) methemerythrin has a
shoulder at 530 cm”l bl which gains intensity by its close proximity to
the 512—cm“1 VS(Fe-O-Fe) mode.28 This peak is most likely due to the
0-C-0 bending vibration [g(0-C-0)] of bridging carboxylate(s). Such

vibrations typically occur near 600 cm—l. The low frequency of this
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vibration and its consequent resonance enhancement may be due to the
distortion of the binuclear iron structure in ligand-free methemerythrin
relative to that of the ligated methemerythrins.lo The 530-—cm-'1 peak
of methemerythrin is the only example of the endogenous iron ligands
(i.e., carboxylate and histidine groups) contributing to the resonance

18,25-28

Raman spectra of hemerythrin. This contrasts with the behavior

of the triply-bridged models, for which several vibrations of carboxylate

and capping ligands are observed.lg’22

OXYHEMERYTHRIN

Vibrations of the Bound Peroxide. The physiologically important
form of the protein, oxyhemerythrin, has been extensively studied by many
physical techniques (including Mossbauer, EXAFS, magnetic susceptibility,
and x-ray diffraction), the results of which have been reviewed

333,27 Although recent EXAFS and x-ray diffraction studies

elsewhere.
have been very informative, much of what 1s known about the structure of
oxyhemerythrin has been determined by resonance Raman spectrosocopy.

Over 30 years ago, Klotz and Klotz (on the basis of the formation of
Fe(II)-phenanthroline complexes from denatured protein) proposed that the
iron of deoxyhemerythrin is in the ferrous state and that oxyhemerythrin
contains Fe(III)-bound peroxide.42 Subsequent investigations were
consistent with this ferric-peroxide formulation, although in these

studies the oxidation state of the O, group was inferred by measuring

2

properties of the iron atoms, e.g., by Mdssbauer and electronic

. ; 5
spectroscopy and magnetic susceptibility. The resonance Raman spectrum

of oxyhemerythrin was first observed by Dunn et al. in 1973.43
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Excitation into its 500-nm charge transfer transition yilelded
well-defined peaks at 503 and 844 cm_l. These peaks were identified as

the Fe—O2 stretch [v(Fe—OZ)] and the 0-0 stretch [v(0-0)] of the bound

dioxygen on the basis of theilr shifts to 480 and 798 cm-l, respectively,

when oxyhemerythrin was prepared with 1802.43

18,44 indicating that 022_

important component of the visible absorption band (Fig. 6).

Excitation profiles

maximize at 525 mm, -+ Fe(III) CT is an
Observation of the v(0-0) frequency in the resonance Raman

spectrum of oxyhemerythrin provided the first direct evidence of the

oxidation state of the bound O, group and its steric disposition relative

2
to the iron center. A strong correlation exists between the 0-0

stretching frequency and the oxidation state of 02: 1550 c:m_1 for

dioxygen (02), 1150 cm“l for superoxide (02_) and 850 cm-1 for peroxide
(022—).45 Thus, an 0-0 stretching frequency of 844 cm_1 clearly
demonstrates that the dioxygen moiety in oxyhemerythrin has been reduced
to the peroxide 1eve1.4

Klotz and coworker546 recognized that -such a peroxide could adopt
any of several steric dispositions with res<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>