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I. Introduction

Hemerythrin is one of the three major metalloproteins
capable of reversibly binding dioxygen. Found in
animals of several marine invertebrate phyla, it differs
fundamentally from hemoglobin and hemocyanin by
possessing an active site containing two iron atoms
linked by carboxylate groups and a u-oxo bridging atom.
Figure 1 summarizes the protein’s reaction with di-
oxygen and the change from deoxy- to oxyhemerythrin
when the two iron atoms bridged by a u-hydroxyl group
bind dioxygen to yield a u-oxo bridge and a protonated
peroxide. This review will focus on the structural
aspects of the oxygenation reaction. Recent review
articles provide more complete discussions of the
chemistry of hemerythrin and related non-heme iron
proteins.2®

I1. Protein Characterization

Throughout the 1950s and 1960s extensive physical
and chemical research into the structure and reactivity
of hemerythrin was carried out to determine how the
polypeptide and iron atoms combined to yield a
functional metalloprotein. Hemerythrin from the co-
elomic cavity of the sipunculid worm Phascolopsis
gouldii was the subject of most of these studies, and
thus it has become the reference molecule for subse-
quent analyses. Considerable structural and functional
information, especially for met-, deoxy, and oxyhem-
erythrin, has also been obtained for the octamer from
Themiste dyscrita. To date, no significant functional
or spectroscopic differences have been found between
these two hemerythrins.
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Figure 1. Summary of dioxygen binding by hemerythrin:

(a) deoxyhemerythrin, (b) oxyhemerythrin. (Figure drawn
using MOLSCRIPT.!)

One of the first questions addressed was the deter-
mination of the iron/dioxygen stoichiometry. Early
analytical experiments’ indicated that multiple iron
atoms were involved in binding each dioxygen molecule.
As analytical techniques and protein purifications
improved, the ratio that emerged was two iron atoms
per dioxygen molecule. Using o-phenanthroline ex-
tractions of the protein and optical spectroscopy, Klotz
et al.” concluded that deoxyhemerythrin contained
ferrous iron while oxyhemerythrin contained a peroxo
anion bound to two ferric iron atoms. This view still
holds.

The molecular weight of the protein was determined
using a variety of techniques. Love,?in 1957, obtained
a molecular weight of 120 000 using X-ray crystal-
lographic methods. Subsequently it was shown that P.
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Table 1. Amino Acid Sequences for Hemerythrins and Myohemerythrins
1 2 3 4
12345678901234567890123456789012345678 90123465 Tdnumbering
L iron ligands
hhhhhhhhhhhhhhhhhhh h h h h h helices
GFPIPDPYVWDPSFRTFYS I IDDEHKTLFNGIFHLAID DNADNL G Pghemerythrin
GFPIPDPYGWDPSFRTFYS I IDDEHKTLFNGI!FHLAI!D DNADNL G Tzhemerythrin®
GFPIPDPYCWDI SFRTFYTIVDDEHKTLFNGILLLSQA DNADHL N Tdhemerythrin
GFPVPDPFI WDASFKTFYDDLDNQHKQLFQAILTQGNY GGATAGD Schemerythrin
GWE IPEPYVWDESFRVFYEQLDEEHKK FKGIFCDIRD NSAPNLA Tzmyohemerythrin
PFDIPEPYVWDESFRVFYDNLDDEHKGLFKGVFNCAADMSSAGNL K Pgmyohemerythrin |
GFEVPEPFKWDESFQVFYDKLDEEHKQIFNAIFALGGG NNADNLK Ndmyohemerythrin
VKVPEPFAWNESFATSYKNI DLEHRTLFNGLFALSEF NTRDQLL {uhemerythrin, alpha
MKIPVPYAWTPDFKTTYENIDSEHRTLFNGLFALSEF NTQHOQL N Lwuhemerythrin, beta
1 1 | | | | | invariant residues
5 6 7 8
6789012345678901234 567 8901234567890123456789 Tdnumbering
L L L L iron ligands
hhhhhhhhhhhhhhhhhhh hhhhhhhhhhhhhhhhh helices
ELRRCTGKHFLNEQVLMQA SQY QFYDEHKKEHEGF IHAL DNWKG Pghemerythrin
ELRRCTGKHFLNQEVLMQA SQY QFYDEHKKAHEEF ! RALDNWKG Tzhemerythrin®
ELRRCTGKHFLNEQQLMQA SQY AGYAEHKKAHDDF IHKLDTWDG 7dhemerythrin
NAYACLVAHFLFEEAAMQV AKY GGYGAHKAAHEEFLGKVKGGSA Schemerythrin
TLVKVTTNHFTHEEAMMDA AKY SEVVPHKKMHKDFLEK I GPYVDA Tzmyohemerythrin
HLIDVTTTHFRNEEAMMDA AKY ENVVPHKQMHKDFLAKLGGL KA Pgmyohemerythrini
KMIDVTANHFADEEAMMLASAAYKSEHPGHKKKHEDFLAV!IRGLSA Ndmyohemerythrin
ACKEVFVMHFRDEQGQMEK ANY EHFEEHRGIHEGFLEKMGHWKA Luhemerythrin, alpha
AAJEVFTLHFHDEQGQMI R SNY VNTKEHTDIHNGFMDTMRGWAQS Luhemerythrin, beta
(] | I | 1 | | invariant residues
1 1
] 0 1
012345678901234567890 12 3 T dyscritahemerythrin numbering
L L iron ligands
hhhhhhhhhhhhhh helices refer.
DVKWAKSWLVNHIKTIDFKYKGK | P gouldiihemerythrin 13,14,15
DVKWAKSWLVNHIKT DFKYKGK | T zostericolahemerythrin 16
DVTYAKNWLVNHIKT IDFKYRGK | T dyscritahemerythrin 17
DAAYCKDWLTQH IKT IDFKYKGRKL S8 cumanensehemerythrin 18
PVDAKNVDYCKEWLVNHIKGTDFKYKGKL T zostericolamyohemerythrin 19
PLDQGT IDYAKDWLVQH I KTTDFKYKGKL P gouldimyohemerythrin, type | 20
PVPNDKLLYAKDWLVNHIKGTDFTYKGRKL N diersicolormyohemerythrin 21
PVAQKD! KFGMEWLVNHIPTEDFKYKGKL L unguishemerythrin, alpha subunit 22
PVPAQKALKDGMEWLANHIPTEDFKYKGKL L unguishemerythrin, beta subunit 23
[ (| [ | (I

invariant residues

¢ Portions of the sequence of T. zostericola hemerythrin are based on similarities to that of P. gouldii hemerythrin. Revisions of
the P. gouldii sequence have not been confirmed for T. zostericola. Accordingly, it is probable that Q58 in T'. zostericola (one of the

iron ligands) is actually E58 as in the other hemerythrins.

gouldii hemerythrin was an octamer® with a subunit
molecular weight near 13 500 (108 000 for the octamer).
Hemerythrins from other tissues and species have been
isolated in other oligomeric forms. Myohemerythrin
is amonomeric protein usually isolated from the muscles
of sipunculids!? and is very similar to the hemerythrin
subunit, both in structure and function, just as myo-
globin is similar to the hemoglobin subunits. Dimeric,
trimeric, and tetrameric hemerythrins have also been
found in other species of sipunculids,!!!2 and their
subunits are also similar to those of the octameric
hemerythrins. Because of the existence of these dif-
ferent oligomers, the molecule of chemical interest for
much of the remainder of this review will be the subunit
containing one dioxygen binding site per polypeptide
chain.

The amino acid sequences for a number of hem-
erythrins have been determined.!>?® Table 1 sum-
marizes the aligned sequences. There are several
conserved residues beyond those involved in iron
ligation, and they will be briefly discussed later with

respect to their possible roles in the functioning of the
protein.

Table 2 lists the percentages of identical amino acids
found in pairwise comparisons of the sequences. The
myohemerythrins and the Lingula unguis hemerythrin
subunits are slightly longer than the other hemerythrins
and have only about 40 % sequence identity with them.
The sequence differences appear to have no significant
effect on the chemical properties of the metal centers,
but they are important for intermolecular interactions
involved in forming the different oligomers and in the
cooperative oxygen binding exhibited by L. unguis
hemerythrin.?42® Similar sequence differences will
likely be seen in the two subunits found in the
hemerythrin from the brachiopod L. reevii?® since
cooperative oxygen binding is also exhibited by this
protein.

II1I. Three-Dimensional Structure of
Hemerythrin

The three-dimensional molecular structures of myo-
hemerythrin and three hemerythrins from different
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Table 2. Percentage of Identities between the Amino Acid Sequences

1 2 3 4 5 6 7 8 9
1 P. gouldii hemerythrin 100 95 78 44 48 51 46 45 43
2 T. zostericola hemerythrin 95 100 76 46 47 50 46 42 40
3 T. dyscrita hemerythrin 78 76 100 47 46 48 44 40 39
4 S. cumanense hemerythrin 44 46 47 100 44 46 49 37 30
5 T. zostericola myohemerythrin 48 47 46 44 100 69 63 42 38
6 P. gouldii myohemerythrin, type 1 51 50 48 46 69 100 57 44 38
7 N. diversicolor myohemerythrin 46 46 44 49 63 57 100 43 38
8 L. unguis hemerythrin, « subunit 45 42 40 37 42 44 43 100 65
9 L. unguis hemerythrin, 8 subunit 43 40 39 30 38 38 38 65 100

Figure 2. Stereoviews of the quaternary structures of (a, top) monomeric myohemerythrin, (b, middle) trimeric hemerythrin,
and (c, bottom) octameric hemerythrin. (Figure drawn using MOLSCRIPT.!)

species have been obtained using X-ray crystallographic
methods.?™30 Azidometmyohemerythrin from T. zos-
tericola is a monomer,?” azidomethemerythrin from P.
gouldii is an octamer,?® azidomethemerythrin from a
species of Siphonosoma is a trimer,?® and azidomet-,
met-, deoxy- and oxyhemerythrin from T. dyscrita are
all octamers.3® No crystallographic structures for the
dimeric and tetrameric hemerythrins are yet available.
The quaternary structures showing the subunit packing
arrangements are summarized in Figure 2. Slight amino
acid changes in the polypeptides change the subunit
interactions and alter the structure of the oligomers.
Therole the different oligomers play in the physiological
functioning of hemerythrins is not known. Also,
detailed analysis of the relationship between the amino
acid sequence and the subunit-subunit interactions is
complicated by the lack of sequence information for
the dimeric, trimeric, and tetrameric molecules and
structural information for the dimer and tetramer.

Each subunit is 40 A long and 20 A across and thick.
The octamer, with 422 (D,) symmetry, is about 60 A
across and 40 A high. The large channel running
through the center of the octamer is interesting, but
considering the existence of the other oligomeric forms,

the channel is unlikely to have functional significance.

The folding of the polypeptide chain in the mono-
meric molecules (subunits) is shown in Figure 3. The
structureis very simple at this level with the polypeptide
folding into four a-helices that pack roughly parallel to
one another.?® Myohemerythrin and hemerythrin were
among the first proteins identified with the parallel
a-helical tertiary structure, but it has now been found
in a number of molecules including several cyto-
chromes,323% tobacco mosaic virus coat protein,3435
ferritin,® and wvarious cytokines and hormonelike
proteins.3* One characteristic of this packing of
a-helices is that while the helices appear to run parallel
to each other, thereis in fact only one small close-contact
region, and the helices slightly diverge from each other
away from the contact region. One result of this is the
generation of a wedge-shaped molecule.#® The diver-
gence of the helices also produces a cavity or cleft
between the helices that can be filled with a heme group
in the cytochromes or an iron complex in the hem-
erythrins. The binding environment in the cavity, both
for metals and for ligands, can be altered by lining the
surfaces of the helices with appropriate amino acid side
chains. In the case of hemerythrin, in addition to the
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Figure 3. Stereoview of the structure of the deoxyhemerythrin subunit. The ribbon drawing shows the secondary and tertiary
structure of the subunit with the two iron atoms located between the helices. (Figure drawn using MOLSCRIPT.1)

amino acids bound to the iron atoms, the cleft is lined
with hydrophobic amino acids making a suitable binding
environment for exogenous ligands such as dioxygen.

IV. Structure of the Iron Center

The novelty of the metal center in hemerythrin
complicated its structure determination and led to its
examination using a large array of experimental meth-
ods. Chemical modifications of the protein,*-% various
spectroscopic approaches (absorption,®5% Moss-
bauer,5*-% resonance Raman,535™-¢3 circular dichro-
ism,50-53 NMR 5485 EX AFS%-69) magneticsusceptibility
measurements,’®! and X-ray crystallographic tech-
niques?-3072-" have all been applied to hemerythrin in
attempts to determine what the metal center looks like,
i.e., which atoms are connected to produce the complex.
None of the methods were sufficient alone to answer
the basic structural questions concerning even the
identities of the amino acids bound to the iron atoms.
There have been several structural models proposed
for the metal complex, and they have evolved as the
various research groups studying hemerythrin have
interacted with each other, sharing their results and
their conclusions. Given the amount of experimental
evidence consistent with the models to be presented
here, it seems unlikely that major surprises remain
concerning the structure of the active site in hem-
erythrin.

The metal complex consists of two iron atoms, roughly
3.25-3.5 A apart, bound to the protein ligand by way
of seven amino acid side-chain residues (see Figure 4).
There are five histidine and two carboxylic acid residues
(aspartic acid and glutamic acid) bound to the iron
atoms. Three of the histidine residues (residues 73, 77,
and 101 in P. gouldii and T. dyscrita hemerythrins)
bind to one iron, and two (25 and 54) bind to the other.
The glutamic and aspartic acid residues (58 and 106)
bridge between the metals using each oxygen atom of
their carboxylates to bind to separate iron atoms.

In addition, in all forms of hemerythrin, an oxygen
atom derived from water is bound to both irons.
Resonance Raman investigations of oxyhemerythrin
generated in H;®0 provide strong evidence that the
bridging oxygen is derived from water.50-62 In met-,
azidomet-, and oxyhemerythrin, the bridging oxygen is
unprotonated, and thus is a u-oxo bridge. A number
of pieces of evidence support this conclusion. First,
the absorption spectra of met-, azidomet-, and oxy-
hemerythrins contain bands similar to those of small
molecule iron complexes containing u-oxo bridges.?
Second, the iron atoms in hemerythrin are antiferro-

magnetically coupled with a coupling constant similar
to those of other u-oxo bridged compounds (J = -77
cm-! (oxy) and -134 ¢cm™! (met)).”" Third, the Fe-O
bond distances from EXAFS and crystallographic
studies are similar to the bond lengths found in
appropriate model compounds.86:67.74

In deoxyhemerythrin, the bridge is believed to be
protonated. The magnetic coupling constant is much
smaller, as would be expected for a u-hydroxo bridge5..64
(J =-15 cm1), and the Fe—O bond distances observed
in deoxyhemerythrin using EXAFS® and crystal-
lographic techniques™ are slightly longer than those in
met-, azidomet-, or oxyhemerythrin. This elongation
is consistent with the increase in Fe—O distances in
going from u-oxo to u-hydroxo bridged complexes. Table
3 contains a summary of a selected set of reported bond
lengths and angles for the metal complexes in hem-
erythrins and shows the significant lengthening of the
bridging Fe-u1O bonds in deoxyhemerythrin.

Recently, the three-dimensional structures of two
other metalloproteins containing binuclear oxo-bridged
iron complexes have been solved. Figure 5 compares
the metal complexes in ribonucleotide reductase™ and
methane monooxygenase™ with that of hemerythrin.
While all three proteins make use of a u-o0xo or u-hydroxo
bridge between the iron atoms, there are interesting
differences in the other iron ligands. Two carboxylic
acid side chains bridge between the two iron atoms in
hemerythrin, while only one carboxylate bridge is found
in ribonucleotide reductase. The complex in methane
monooxygenase contains two carboxylate bridges, but
one is an acetate and only one is provided by the protein.
The enzymes (ribonucleotide reductase and methane
monooxygenase) also have fewer nitrogen ligands in
the complexes and utilize more non-protein ligands
(water and acetate).

There are also interesting differences in the mode of
binding of histidine in the complexes in these three
proteins. In hemerythrin, all of the histidine residues
bind through their ¢ nitrogen atoms, while in the other
two proteins, the é nitrogen is bound to the metal. Until
the structures of the latter two were determined, there
had been no observations of iron atoms binding to the
o nitrogen of histidine.”” The functional significance
of this is not clear, but Chakrabarti reported that
histidine binds metals through the e nitrogen about
75% of the time. Histidine binds to copper and zinc
using either nitrogen atom. For example, in nitrite
reductase, one of the copper atoms is bound to histidine
through the ¢ nitrogen while the other is bound by
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histidine 73 histidine 77

Figure 4. Stereoviews of the iron complexes in (a, first) 7. dyscrita methemerythrin, (b, second) deoxyhemerythrin, (c, third)
azidomethemerythrin, and (d, fourth) oxyhemerythrin. (Figure drawn using MOLSCRIPT.})

histidine through the § nitrogen.”® Also, in carbonic
anhydrase, zinc is found bound to histidines through
both nitrogen atoms.” The folding of a polypeptide
into a globular protein could easily give rise to con-
formational restrictions that would dictate whether the
¢ or § nitrogen atoms were available for metal binding.
Whether differences in the mode of binding are
associated with chemical and functional differences in
metalloproteins is still an unanswered question.

V. Unliganded Complexes: Met- and
Deoxyhemerythrin

The geometric structures of the metal centers in met-
and deoxyhemerythrin are quite similar. Figure 4
contains stereoscopic views of the complexes in met-
and deoxyhemerythrin. One of the iron atoms is
octahedrally bound tosix ligands: three nitrogenatoms
from histidine residues, two oxygen atoms from the
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Table 3. Bond Lengths (A) and Angles (deg) for the Binuclear Iron Centers*
azidomet met deoxy 0Xy

method X-ray X-ray EXAFS EXAFS X-ray EXAFS X-ray EXAFS X.ray EXAFS

cryst cryst cryst cryst cryst
ref 72 73 66 69 73 69 74 69 74 69
Fel-Fe2 3.23 3.23 3.38 3.24 3.25 3.13 3.32 3.57 3.27 3.24
Fe-N (av) 2.16 2.21 213 2.17 2.16 2.14 2.22 2.25 2.20 2.22
Fe-0 (av) 2.10 2.17 1.71-1.76  2.08 2.12 2.07 2.20 2.12 2.17 211
Fe-u-0 (bridge) (av) 1.79 1.80 1.80 1.79 1.82 2.02 1.98 1.84 1.82
Fel-0el (Glu 58)® 2.05 2.17 2.26 2.33 2.20
Fel-Ne2 (His 73) 2.25 2.24 2.22 2.23 2.22
Fel-Ne2 (His 77) 2.11 2.20 2.15 2.21 2.18
Fel-Ne2 (His 101) 2.13 2.22 2.15 2.24 2.21
Fel-061 (Asp 106) 2.10 2.15 2.08 2.17 2.13
Fel-u-O (bridge) 1.80 1.80 1.92 2.15 1.88
Fe2-Ne2 (His 25) 2.22 2.21 2.07 2.15 2.14
Fe2-Ne2 (His 54) 2.15 2.24 2.23 2.28 2.25
Fe2-0e2 (Glu 58) 2.18 2.25 2.04 2.14 2.20
Fe2-062 (Asp 106) 2.05 2.09 2.08 2.14 2.15
Fe2—u-O (bridge) 1.77 1.79 1.66 1.88 1.79
Fe2-azide 2.11 2.17
Fe2-02 2.15
Fe-u-O-Fe 130. 128.3 165 127 130.1 118 110.6 128 125.4 125

@ Comparison of the bond lengths and angles obtained for different proteins using different techniques is complicated by several
technical considerations. First, the values reported from EXAFS studies are averages for types of bonds. Information about individual
bonds [for instance, the Fe-Oel (Glu 58) bond] is not available from the EXAFS studies of hemerythrin. However, in refs 44, 66,
and 69, error estimates of about 0.05 A are reported for the iron-ligand distances. Second, no good estimates of the standard deviations
in the bond lengths and angles are available from the crystallographic studies. This is mainly due to the limited resolution of the
crystallographic investigations and the compensating application of restraints in refinement. Any statistical comparison of bond
lengths and angles from such refinements will likely reflect more on the fit of the values to the restraints rather than on the accuracy
of the results. It should be pointed out that some crystaliographic methods used for smaller mols. have not been successfully applied
in macromol. structure refinements. Inparticular, approximations used in calculating the normal matrix in the least-squares refinement
of proteins make standard deviations derived from that source extremely suspect. In the crystal structure of T. dyscrita hemerythrin,
there are multiple copies of the subunits in the asymmetric unit, so we averaged among them to improve the precision of the bond
lengths and angles.”" We also calculated the standard deviation in the mean values, but since restraints were still being applied,
the resulting numbers (0.01-0.03 A) are somewhat low estimates of the errors. ® Residue numbering from P. gouldii and T. dyscrita
hemerythrins.

carboxylic acids, and the bridging oxygen. The other NH'577

iron atom is pentacoordinate in a distorted trigonal . /‘\S st Asosa

bipyramidal environment. Here the ligands are two His73 k N His101 \s ®

nitrogens (histidine rings) and three oxygens (the other NN (/] N%’(

carboxylate oxygens and the bridge). \_« - | N A\ Lo
Refinements of the crystal structures of methe- 0 'Fe\\o o ’Fe\\ H20

merythrin?™ and deoxyhemerythrin™ have been carried Asp106 P )-Gluss  Glu11s -<o Py

out and have resulted in the bond lengths and angles Ospd° er:H*OO

in Table 3. On the basis of their coordination numbers Y N N —\ /LN Glu238

and geometry, the two iron atoms are not equivalent. N N N\A )’O

Several Mossbauer spectra of met- and deoxyhe- _ )2 N His54 Hisoa1  C204

merythrin suggested that the iron atoms should be in His25

equivalent environments, 5455 and this interpretation Hemerythrin Ribonucleotide

governed the types of complexes suggested for the metal

Reductase

center before crystallographic views became available.
Mossbauer spectroscopy seems to be insensitive to the . Glut1a
types or extent of the structural asymmetry found in &W
the unliganded complexes, although it should be noted N 0”0
that additional Mossbauer measurements on hem- A\ <\ O
erythrin from Phascolosoma lurco indicate that the O/Fe\\ °
iron atoms are inequivalent.5 Glu1aa {0 M-Acetate

While the overall coordination geometry is the same Oer/ © o
for met- and deoxyhemerythrin, the iron atoms are in /N \O\O*
different oxidation states in the two forms: ferric for N\A ),o Glu243
methemerythrins and ferrous for deoxyhemerythrin. His2ae 014209
The bond lengths in deoxyhemerythrin are lengthened
somewhat relative to methemerythin, but basically, the Maothane
unliganded forms of hemerythrin are very similar in Monooxygenase

the overall structures of their metal sites.

It should be noted that the major deviations in Table
3 are associated with met- and deoxyhemerythrin. The

Figure 5. Dinuclear iron complexes in (a, top) hemerythrin,
(b, middle) ribonucleotide reductase,’”> and (c, bottom)
methane monooxygenase.’s
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Figure 6. Stereoview of the hydrophobic dioxygen binding site in hemerythrin. (Figure drawn using MOLSCRIPT.!)

longer Fe—O distances in deoxyhemerythrin fit with
other chemical information indicating a hydroxo bridge,
but the asymmetric Fe—u-O bond lengths found in the
crystallographic refinement of met- and deoxyhem-
erythrin are not supported by resonance Raman
measurements.®081 The relative intensities of the
symmetric and asymmetric Fe-O stretches have been
correlated with asymmetries in the Fe—u-O bond lengths
in a number of small compounds, but the asymmetry
observed crystallographically in met- and deoxyhem-
erythrin’ is much larger than that expected from the
vibrational spectroscopy. Currently, the asymmetry is
seen only in crystallographic studies of met- and
deoxyhemerythrin, the forms containing penta- and
hexacoordinate iron atoms in each complex. While the
differences in coordination number might lead to
inequivalent Fe-u-O distances, it remains unsettling
that the crystallographic results are inconsistent with
the resonance Raman measurements for the proteins.

Another item in Table 3 deserving attention is the
large Fe—Fe distance found in deoxyhemerythrin using
EXAFS techniques.?® It is possible that additional
model compounds with u-hydroxo bridges would affect
the EXAFS derivation of that Fe-Fe distance.

In spite of these small discrepancies, the values
obtained by EXAFS and X-ray crystallography pre-
sented in Table 3 agree fairly well with each other. Of
course, the fact that similar restraints were applied in
the crystallographic refinements would cause the
resulting distances to be similar. In this and other
metalloprotein crystal structure determinations, the
choice and application of restraints in refinement
significantly affect the resulting structural models. This
point should be kept in mind when characterizing novel
complexes since the use of inappropriate restraints can
obscure important structural information.

VI. Liganded Complexes: Azidomet- and
Oxyhemerythrin

Hemerythrin functions by binding a small exogenous
ligand, dioxygen, to its metal center, but the protein
can also bind a variety of other ligands, both to the iron
center and elsewhere. Small ligands such as azide,
thiocyanate, and nitric oxide bind to the metal
center,5082-8 gxyanions such as perchlorate and phos-
phate bind,%-%8 but not to the active site, and sulfide
derivatives have been generated,?®-% presumably with
sulfur replacing the u-oxo bridge.

Theliganded forms of hemerythrin best characterized
structurally are azidomet- and oxyhemerythrin, where
small molecule ligands are bound with both iron atoms

in the Fe(III) oxidation state. Views of the azidomet-
and oxyhemerythrin iron centers are included in Figure
4. Liganded complexes of deoxy (Fe(II)-Fe(II)) and
semi-met mixed valence (Fe(I)-Fe(III)) states have
also been formed and are expected to be similar in
structure to azidomet and oxy states, although small
significant differences in the geometry of the complex
are likely.

In azidomet- and oxyhemerythrin, the small ligands
bind end-on to the iron atom that was pentacoordinate
in the unliganded derivatives. Resonance Raman
experiments® on azidomet- and oxyhemerythrin formed
using isotopically labeled azide and dioxygen narrowed
the possible models for binding to the complex to two:
an end-on model and a bridging one. The bridged model
was consistent with evidence obtained from Mossbauer
spectroscopic studies, but end-on binding is that seen
directly in several erystallographic investigations. This
binding mode makes both iron atoms hexacoordinate
with the ligands arranged roughly octahedrally.

The amino acid residues surrounding the dioxygen
binding site that are not bound to the iron atoms are
all hydrophobic. There are five residues with atoms
within 4 A of the dioxygen molecule in T'. dyscrita oxy-
hemerythrin: two leucines, one isoleucine, one phe-
nylalanine, and one tryptophan. Figure 6 shows how
these residues surround the bound dioxygen and isolate
it from the surface of the protein.

Four of these five residues are invariant across the
sequences reported in Table 1. (Leucine 28 is replaced
by an isoleucine in one sequence.) In addition to these
four residues and the seven bound to the iron atoms,
there are 13 other invariant residues identified in Table
1. As Figure 7a shows, all 24 invariant residues are
located at the end of the protein containing the iron
complex. Most of them are buried residues and
presumably contribute to the structural integrity of
the metalloprotein. Several of the residues (proline 5,
proline 7, tryptophan 10, phenylalanine 14, phenylal-
anine 29, and phenylalanine 107) are involved in
maintaining the conformation of the N-terminal tail
and provide a hydrophobic core to hold the tail up
against the a-helical bundle.

Most of the other invariant residues are packed
around the iron complex and the active site and
contribute to the overall hydrophobicity of this part of
the structure and help stabilize the tertiary structure
of the C-terminal part of the protein. Several of the
invariant tyrosine residues and lysine 112 create a
hydrogen-bonding network that stabilizes the distorted
helical structure near aspartic acid 106, one of the iron
ligands.
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Figure7. Stereoview of the hemerythrin subunit showing the location of the invariant residues: (a, first) a carbon plot showing
the relationship between the invariant residues and the overall subunit structure (Residues bound to the iron atoms are white;
other invariant residues are gray.), (b, second) Close-up of the invariant residues (c, third) the iron complex and the invariant
residues forming the dioxygen site, (d, fourth) the remaining invariant residues.

Of the three invariant tyrosine residues, tyrosine 109
is closest to the metal complex and early on was
considered as a possible iron ligand. Its hydroxyl is
within 8 A of the oxygen atoms of glutamic acid 58 and
aspartic acid 106, the atoms bound to the iron atoms
inthe carboxylate bridges. A similarinteractionisseen

in azidometmyohemerythrin,”? but the orientation of
the hydroxyl with respect to the carboxylate planes in
the T dyscrita hemerythrins is not optimal for a strong
hydrogen bond. Tyrosine 109 might be invariant
because it fits in the packing of the side chains in this
region and provides a suitable transition between the
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polar iron liganding groups and the core of the protein.

Given our present knowledge of protein structure and
function, it is easy to believe that the invariant residues
listed in Table 1 are important in the functioning of
hemerythrin. Much of the above discussion however
is simply speculation, and careful mutagenesis and
structural and functional studies will be necessary to
fully sort out the roles the invariant residues play in
oxygen transport and storage.

The views of the iron complex shown in Figure 4 are
derived largely from X-ray crystallographic studies and
display the strengths and limitations of that kind of
structural information. While many techniques have
been used to probe the structure of the metal center,
crystallographic studies provided the first detailed
models of the complex. These were sufficient to give
a general view of the groups bound to the metal atoms
and were useful for assessing the large amount of
experimental information available for hemerythrin.
They also guided the synthesis of model compounds
for this class of iron compounds.?-1% Kurtz hasrecently
reviewed the chemistry of oxo-bridged iron complexes
and its relevance to biological systems.!! Detailed
structural and spectroscopic studies of model com-
pounds containing the Fe-u-O-Fe unit have been
invaluable in interpreting results obtained for hem-
erythrin and the other iron proteins, but attempts to
synthesize small complexes capable of reversibly bind-
ing dioxygen have not yet succeeded. Presumably the
functional differences between hemerythrin and the
model complexes are associated with the environmental
effects of the polypeptide on the complex. It will be
interesting to see what creative synthetic approaches
will be necessary to obtain reversible dioxygen binding
in small Fe-u-O-Fe complexes.

ViI. Reactions of Hemerythrin

As important as crystallographic studies of proteins
are for obtaining overviews of the molecular structures,
they are limited in their precision by the relatively low
resolution of the diffraction patterns, and they generally
do not provide much information about the dynamics
or reactivities of macromolecules. Other kinds of
information (spectroscopic, kinetic, etc.) need to be
combined with the structural models to allow a better
understanding of the reactivity and functionality of
the protein.

Many chemical transformations of hemerythrin
(metal exchange, redox reactions, coordination chang-
€s)2102 have been discovered and manipulated in trying
to understand its biological function. Recent progress
in reconstituting the protein with iron and other
metals'® should prompt further investigations of the
chemistry of metalloproteins containing similar metal
complexes. Thereviewarticle by Wilkins and Wilkins?
provides a good summary of the range of reactivities of
hemerythrin. Information relevant to the binding of
dioxygen will be summarized here.

The kinetics of dioxygen binding have been inves-
tigated in vitro using temperature jump, stopped flow,
and laser photolysis techniques.%10%-105 In the case of
P. gouldii hemerythrin, the species most studied in vitro,
the protein shows no cooperativity or pH dependence
in its dioxygen binding.1% In one kinetic study of P.
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gouldii hemerythrin, the rate constant for binding is
7.4 X 108 M-1 s~ while the rate constant for dissociation
is 51 s-. The equilibrium constant then is 1.5 X 105
M-1, indicative of strong binding to the iron complex.
A more recent investigation of P. gouldii hemerythrin
in which the effects of deuterated solvent were also
studied gave similar values (Bon = 1.2 X 10-7 M1 871, kogt
=43.1s,! and K.q = 2.8 X 105 M1).1% The on and off
rates are more rapid for Sipunculus nudus) hemeryth-
rin and T. zostericola myohemerythrin,193104 but the
equilibrium constants are very similar to those reported
for P. gouldii hemerythrin. It is not yet clear how the
kinetic properties of hemerythrin can be correlated with
the protein structure. Further experiments probing
how dioxygen arrives at the active site will be necessary
before observations such as the influence of D,O on the
dioxygen dissociation rate (but not the association rate)
can be fully understood. Given the limitations of
crystallographic investigations for studying the details
of protein dynamics, other techniques and approaches
will be needed to generate a structural base for
understanding the kinetics of the oxygenation reaction
and the competition between oxygenation and autooxi-
dation.

Figure 1is consistent with the kinetic, spectroscopic,
and structural data currently available for deoxy- and
oxyhemerythrin and provides a good summary of what
is known about the hemerythrin—dioxygen interaction.
Dioxygen binds to one of the iron atoms in the metal
center as a peroxo anion, the strongest evidence for
which is found in the resonance Raman spectra of
oxyhemerythrin,5” where an O-0 stretching frequency
of 844 cm-! characteristic of peroxide is found.

As stated above, the binding pocket in hemerythrin
is quite hydrophobic, and this type of environment
presents a problem for stabilizing the peroxo anion.
One solution for this would be to protonate the peroxo
anion. Because dioxygen binding is pH independent,
the proton must be provided by the protein and not the
golvent. The only functional group in the deoxyhem-
erythrin binding pocket capable of donating a proton
to dioxygen is the u-hydroxo bridge since hydrophobic
amino acid residues form the rest of the surface of the
ligand-binding cavity and no internal water molecules
have been found in the O; binding site in either deoxy-
or oxyhemerythrin.

Experimental evidence concerning the protonation
of the peroxo anion has been provided by resonance
Raman, circular dichroism, and single-crystal absor-
bance spectroscopies. Isotope effects on the vibrational
spectra of the bound oxygen provide the strongest
evidence for the transfer of the proton to the peroxo
anion and the existence of a hydrogen bond between
the u-oxo bridge and the protonated dioxygen spe-
cies.5268 In addition, the experimentally observed
electronic transitions are supportive of a u-hydroxo
bridge in deoxyhemerythrin and a protonated peroxo
group in oxyhemerythrin. Reem et al.52 also pointed
out that the bent Fe~O—-Fe unit aids in the transfer of
the proton to the dioxygen molecule and that the
bridging carboxylate groups are likely important for
stabilizing this geometry. While the location of the
bound dioxygen seen in the crystal structure of oxy-
hemerythrin is consistent with the hydrogen-bonding
model, the resolution limit of the diffraction study (2.0
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Figure 8. Models for oxygenation of hemerythrin (adapted
from ref 5).

A) rules out any possibility for locating the hydrogen
atom in the hydrogen bond.

Direct structural evidence for the u-hydroxo bridge
in deoxyhemerythrin is not overly strong, but the
crystallographic and EXAFS investigations of deoxy-
hemerythrin indicate that the Fe—O bond distances are
slightly longer than in oxy- or methemerythrin®™ just
as is found in model compounds with u-hydroxo
bridges.?® Finally, it should be noted that a hydrogen
bond between the bound dioxygen and the distal
histidine is thought to stabilize oxyhemoglobin,107-110

Figure 1, while serving as a description of the
beginning and final structures of deoxy- and oxyhem-
erythrin, leaves open several possible mechanisms for
the order in which the proton and electrons are
transferred from the metal center to the dioxygen
species. Que and True* and Howard and Rees® have
proposed alternative mechanisms, the options pre-
sented by Howard and Rees consisting of two one-
electron transfers bracketing proton transfer from the
metal center to the dioxygen or a mechanism with
proton transfer following a concerted two-electron
transfer (see Figure 8). Strong experimental evidence
differentiating between these possibilities is not yet
available, but Howard and Rees point out that reso-
nance Raman studies of the NO derivative of deoxy-
hemerythrin indicate the presence of a hydrogen bond
to the ligand in the resulting mixed-valence compound
that would be consistent with the initial step of the
first mechanism,

VIII. Allostery and Cooperativity

Allosteric effectors and cooperative dioxygen binding
play major roles in the biological functions of hemo-
globin and hemocyanin. The octameric hemerythrins
best characterized chemically, those from P. gouldii
and T. dyscrita, are noncooperative in their dioxygen
binding, but oxy anions such as perchlorate and
phosphate are allosteric effectors for binding of ligands
to the iron complex. Binding of oxy anions at a site on
the surface of the protein,!l! 10-15 A away from the
active site, destabilizes several complexes of methe-
merythrin®87 as well as oxyhemerythrin.® Perchlorate
does this by increasing the off-rate for dioxygen.!93 A
structural base for understanding the effect is not
available due to the low resolution of the crystal-
lographic study of perchlorate binding.!!! Phosphate
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affects oxygenation at nonphysiological concentrations,
and searches for other physiological allosteric effectors
of P. gouldii hemerythrin have not been successful. 3!P
NMR experiments on P. gouldii hemerythrocytes have
shown that large amounts of 2-aminoethyl phosphorate
(032POCH;CH;NH;*) and (2-aminoethyl)phospho-
nate (Os>PCH,CH,NH;*) are present, but while the
first compound affects azide binding to hemerythrin,
neither compound has any significant effect on dioxygen
binding.!12

While the most extensively studied hemerythrins
show no large allosteric effects or cooperative binding,
this is not a general characteristic of all hemerythrins.
The dioxygen affinity and cooperativity of hemerythrin
isolated from the tentacles of the sipunculid T. zos-
tericola is modulated by Ca?*, Cl-, and C0,.13 The
octameric hemerythrins from P. gouldii and T. dyscrita
are isolated from the coelomic cavities, so these dif-
ferences in allosteric and cooperative behavior might
indicate differences associated with compartmentaliza-
tion within an organism or they might be due to
differences between species.

There are also significant differences between the
hemerythrins found in sipunculids and those found in
brachiopods. Hemerythrin from L. unguis binds di-
oxygen cooperatively at pH 7.6 while it does so
noncooperatively at pH 6.8.2 Spectroscopic investiga-
tions of this hemerythrini¢ and the one isolated from
L. reevii'’® indicate that their diiron complexes are
similar to those in the sipunculids so the differences in
dioxygen binding are not associated with a fundamen-
tally different metal site. Cooperativity is not shown
in the binding of ligands other than dioxygen, implying
that the oxidation change in the iron center upon
addition of dioxygen is important for the intersubunit
interactions involved in the cooperative binding.!5
Recently, Zhang and Kurtz? showed that L. reevii
hemerythrin also contains two distinct subunits, making
it an a40; octamer. Crystallographicinvestigations are
underway in this laboratory to determine the structural
basis for cooperativity in this molecule.

IX. Comparative Chemistry, Biochemistry, and
Blology

Hemerythrin’s limited distribution in the animal
kingdom implies that it is an evolutionary development
that failed to provide the best means of solving the
reversible oxygen-binding problem. Hemoglobin and
hemocyanin are much more successful in this regard.
The inappropriateness of hemerythrin as an oxygen-
binding protein for other organisms is not because it
binds dioxygen poorly, since the iron complex binds
dioxygen effectively.

However, hemerythrin and the other dioxygen bind-
ing proteins differ significantly in their allosteric effects
and cooperative dioxygen binding. Presumably these
have provided evolutionary advantages to organisms
making use of hemoglobin and hemocyanin. A small
amount of structural similarity among all three dioxygen
binding proteins has been observed.!’® Two of the
helices binding iron and copper atoms in hemerythrin
and hemocyanin can be superposed with two of the
helices that provide the histidine ligands in hemoglobin.
A case can be made for the three proteins being related
via an ancestral metal-binding protein,!16 but it is also
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possible that the similar structures are a reflection of
the properties of amino acid sequences capable of
binding metal atoms and not necessarily evidence for
evolutionary connections between the dioxygen-binding
proteins. It might then be that the proteins developed
independently as different molecular solutions for the
transfer or storage of dioxygen in natural systems.
Hemerythrin appears to be an important molecule
for the animals that use it for dioxygen storage or
transfer, but the physiological function of the protein
is not completely understood. Sipunculids and bra-
chiopods are sedentary animals and have moderate
metabolic needs for dioxygen. They are able to live
under anaerobic conditions for 5-6 days, and hem-
erythrin might carry out a storage function to supply
dioxygen when the animals are unable to obtain it from
sea water.!” A complication associated with the
biological role of hemerythrin is that the various forms
of hemerythrin found in the muscles, the tentacles, and
the coelomic cavity of the sipunculids have different
dioxygen-binding affinities. In some species, the co-
elomic hemerythrin has a higher affinity for dioxygen
than does the tentacular hemerythrin; thus these species
extract dioxygen from their tentacles. In other species
the pattern is reversed, and the animals appear to
respire through their body wall.? Whether hemerythrin
functions as simply an oxygen-storage molecule in these
organisms or is associated with more complicated
control mechanisms has yet to be clearly investigated.

X. Conclusion

At this point, it appears that the major questions
concerning the fundamental chemical properties of
hemerythrin have been largely solved although it is
dangerous to make such a claim since it is possible that
someone might investigate the molecule with a new
technique or new theory and initiate another round of
progress in understanding its properties. Moreresearch
probing the interactions between metal atoms and the
protein ligand can be expected, especially now that
reconstitution of the protein is possible and changes
can be introduced into the protein using site-directed-
mutagenesis techniques. Likewise, additional inves-
tigations of the allosteric and cooperative binding
properties of the brachiopod hemerythrins will likely
provide interesting comparisons between cooperative
and noncooperative proteins, and the control processes
such as those found in brachiopod hemerythrins might
serve as models for ways to engineer specific properties
into proteins of biotechnical interest.

Amazing progress has been made over the past 40
years in understanding hemerythrin and its functions.
There have been many results reported, some confusion
as to what they meant, and a few mistakes made in
probing this interesting metalloprotein. It has been
exciting to watch investigators develop flashes of insight,
apply an array of experimental techniques, recover from
mistaken conclusions, compete with one another, and
transform and rephrase the questions being addressed.
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