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I. Introduction
The annelid phylum comprises over 8000 species,

subdivided into terrestrial oligochaetes, aquatic
leeches, and marine polychaetes. Most annelids have
extracellular or intracellular hemoglobins (Hbs) and
sometimes both.1 The large extracellular Hbs of the
polychaete Arenicola and the oligochaete Lumbricus
were among the first proteins investigated by ultra-
centrifugation2 and electron microscopy.3 They ex-
hibit a highly symmetric HBL appearance in electron
micrographs, masses in excess of 3 × 106 Da, acid
isoelectric points, and high cooperativities of oxygen
binding (Hill coefficients n50 ≈ 3-6 versus ∼2.5 for

vertebrate Hbs.1,4-8 (Mass is in units of Daltons,
where applicable.)
The discovery of hydrothermal vents on the Pacific

Ocean floor at depths of up to 2500 m in 1977, and
of the associated fauna, brought to light the existence
in these sulfide-rich environments, of deep sea an-
nelid species, e.g. Alvinella and of large, tube-
dwelling vestimentiferans.9-11 The metabolic needs
of vestimentiferan species such as Riftia and Lamel-
librachia, are provided by symbiotic sulfide-oxidizing
prokaryotes located in a special organ, the tropho-
some. Although the vascular (circulatory) compart-
ment of the deep sea annelids contains only a HBL
Hb,17 the vestimentiferans have the HBL Hb and ∼4
× 105 Hb; in addition, their coelomic compartment
contains another ∼4 × 105 Hb. The deep sea Hbs
bind oxygen as well as sulfide reversibly and with
high affinity.12-16 Another group of small worms
found at intermediate depths (∼1500 m), the pogono-
phorans, appear to have only the smaller Hb.18

II. Physical and Chemical Properties

A. Shape, Size, and Mass
Numerous studies of negatively stained annelid

Hbs by STEM have shown them to consist of two
superimposed hexagons of pentagonally-shaped sub-
structures and a central cavity, and similar dimen-
sions, height ∼20 nm and diameter ∼30 nm.3,19 The
EM appearance of the HBL Hbs from vestimentifer-
ans and alvinellids is indistinguishable from that of
annelid Hbs.20,21 Mass mapping studies with un-
stained, cryolyophilized annelid Hbs have been car-
ried out since about 1987 using the STEM at
Brookhaven National Laboratory; Figure 1 shows
representative images of unstained and negatively
stained Lumbricus Hb. The mass distributions of
over 104 HBL particles in purified Hb and fresh blood
have been analyzed recently.22 Although the result-
ing mass distributions are broad, they are also
symmetrical and the mean masses are in good
agreement with sedimentation equilibrium results,
pointing to (3.5-3.6) × 106 as the most likely mass
for Lumbricus Hb.22 The two techniques have also
provided similar masses for leech (Macrobdella)
Hb23,24 and Eudistylia Chl25 (3-formyl instead of
3-vinyl). In the case of Lumbricus Hb, the masses
determined for different preparations using the two
techniques, vary over the range (3-4) × 106, sug-
gesting that this heteromultimeric complex may not
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have a constant subunit stoichiometry.22 The pub-
lished masses for earthworm Hbs obtained using
different methods range from 2.7 × 106 to 4.1 × 106
Da [mean (3.4 ( 0.5) × 106, N ) 19] (Table 1). A.
Riggs has suggested recently26 that partial oxidation
of the Hb may be responsible for the observed
variation in mass. This appears to be unlikely for
the following reasons: (1) the autoxidation rate
(∼0.005 h-1)27 is more than 10-fold slower than for
vertebrate Mbs,28 except for the L29F mutant,29
possibly due to the presence of superoxide dismutase
activity in the native LumbricusHb;30 (2) metHb has
the same sedimentation coefficient as the oxy form31

and dissociates very slowly at neutral pH;31,32 (3) no
significaant difference was observed between the
STEM mass mapping results obtained with fresh
blood and with purified Hb.22

B. Iron, Heme, and Carbohydrate Contents
The published iron and heme contents of Hbs from

over 30 species of annelids range from 0.211 to 0.265
wt % (mean ) 0.228 ( 0.013, N ) 28) and 1.83 to
3.64 wt % (mean ) 2.60 ( 0.38, N ) 29).33 The two
mean values are in excellent agreement with each
other, since 0.228 wt % iron is equivalent to 2.52 wt
% heme. The iron and heme contents of other Hbs
and Mbs are 0.31-0.37 and 3.4-4.1 wt %, respec-
tively. The lower values for the HBL Hbs and Chls
are due to the presence of about 30% of non-heme
protein.
Carbohydrate is present in the Hbs of Lumbricus

(2.0 wt %)34 and Perinereis (0.5 wt %).35 ESI-MS has
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shown that Lumbricus globin chain a and linker
chain L1 are glycosylated (GlcNAc2[Man]n, n )
6-9).22 No carbohydrate has been detected by ESI-
MS in Eudistylia Chl25 or in Arenicola,36 Tylorrhyn-
chus,37 Riftia,38,39 Oligobrachia,40 andMacrobdella24
Hbs. However, the ∼4 × 105 Hbs from Riftia do
share a globin chain which exists in several glyco-
sylated isoforms, similar to chain a in Lumbricus
Hb.22,38,39

C. Dissociation Defines a Hierarchy of Globin
Subunits
Early studies using SDS PAGE showed that the

giant annelid Hbs consisted of two types of polypep-
tide chains: four or more different (16-17) × 103

globin chains and several (24-32) × 103 nonglobin
linker chains.41,42 The four globin chains (a-d) from
Lumbricus Hb occur as a monomer (d) and a disul-
fide-bonded trimer (a+b+c), a situation commonly
observed in oligochaete and polychaete Hbs. The
leech (achaete) Hbs are comprised of monomers and
disulfide-bonded dimers, whereas the Chls consist of
disulfide-bonded dimers and tetramers.42 Riftia Hb
consists of monomers and dimers, thus resembling
the leech Hbs,38,39 while Alvinella Hb consists of
monomers and trimers.17 The pogonophoran Oligo-
brachia Hb appears to comprise monomers and
disulfide-bonded dimers and trimers of globin chains.40

Following the determination of the smallest sub-
units and number of polypeptide chains by complete
dissociation of Lumbricus Hb, we sought to identify
larger subunits via partial dissociation of the HBL
structure, at pH > 8,43 at pH < 6,44 and at neutral
pH in the presence of urea, Gdm‚Cl, and chaotropic
agents.45,46 These studies provided unequivocal evi-
dence for a functional ∼2 × 105 subunit having the
stoichiometry [a+b+c]3[d3], deficient in linker chains
and which could be formed spontaneously upon
mixing of the isolated trimer [a+b+c] and chain d.46
Under similar conditions, the leech (Macrobdella) Hb
produced a tetramer of globin chains and Eudistylia
Chl dissociated into dodecamers and tetramers in
equilibrium with each other.23-25 A recent study of
the dissociation kinetics of LumbricusHb at alkaline
pH and at neutral pH in the presence of urea, Gdm
salts, and heteropolytungstate cations has demon-
strated that the dodecamer is observed at all stages
of the dissociation,32 the extent of dissociation de-
creasing in the order Gdm‚SCN > Gdm‚Cl > urea >
Gdm‚OAc and [BaAs4W40O140]27- > [SiW11O39]8- >
[NaSb9W21O86]18-. The kinetics appear to be hetero-
geneous, with at least three exponentials required
to provide acceptable fits in the case of urea and
Gdm‚Cl and two in the case of the heteropolytung-
states.32 Additional evidence for the importance of
the dodecamer as a principal structural subunit has
come from experiments on the reassembly of the
dissociated Hb, which showed it to form rapidly both
in the presence and absence of group IIA cations,
conditions where the HBL structure is reassembled
extensively and very little, respectively.32

D. Globin Amino Acid Sequences

The first complete primary structure of a HBL Hb
was provided by the amino acid sequences of the four
globin chains and two linker chains of the Hb from
the polychaete Tylorrhynchus, determined by Suzuki
and Gotoh and their collaborators.47,48 Apart from
the sequence of the monomer subunit (chain d),49 the
primary structures of the other three globin chains
of Lumbricus Hb have been elucidated in the labora-
tory of A. Riggs.50 The four globin sequences are
shown in Figure 2 (chain a exists as four glycosylated
isoforms22 and chain d as two major and several
minor isoforms51,52). The primary structures of the
four globin chains from the 4 × 105 Hb of the
vestimentiferan Lamellibrachia have been deter-
mined53 as well as three of the globins from the
pogonophoran Oligobrachia;40 they are also shown
inFigure 2. The amino acid sequences align well with
the vertebrate globin chains54,55 and also group
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naturally into two types of chains A and B as
predicted by Gotoh,56 much like the vertebrate Hbs.
Note the strikingly conservative residue variation at
the 37 solvent inaccessible positions and the fact that
His residues occupy both the distal and proximal
positions.

E. Linker Amino Acid Sequences
The primary structures of two linker chains of

Tylorrhynchus and of single linker chains of Lamel-

librachia and Neanthes Hbs have been deter-
mined.48,57,58 The sequences of linker L159 and the
remaining three linkers of Lumbricus Hb have also
been established (A. Riggs, personal communication).
The linker sequences share 40 residue Cys-rich
motifs, whose sequences are similar to comparable
motifs in the N-terminal regions of human and
Xenopus LDL receptor proteins and C9
complement.57-59 The role of the linker subunits is

Figure 1. Scanning transmission electron microscope images of LumbricusHb: (A) unstained and cryolyophilized,97 5120
Å scan size; (B) negatively stained with uranyl acetate, 2560 Å scan size; (C) same as A but zoomed 2×, 2560 Å scan size;
(D) negatively stained with methylamine vanadate, 1280 Å scan size. The images were obtained at the Brookhaven Scanning
Transmission Electron Microscope Facility.

Table 1. Molecular Mass of Earthworm Hb Determined by Different Methods

speciesa mass, ×106 methodb ref speciesa mass, ×106 methodb ref

ND 2.73 SE 2 Eisenia 4.01 S&D 112
Lumbricus 3.45 LS 102 Eisenia 3.82 ( 0.05 SE 113
ND 2.5 GF 103 Tubifex 3.09 ( 0.15 SAXS 114
ND 3.1 LS 104 Lumbricus 3.68 SE 115
Lumbricus 3.23 ( 0.18 S&D 41 Maoridrilus 3.2 GF 116
ND 3.84 SE 105 Glossoscolex 3.1 S&D 117
ND 2.92 ( 0.1 LS 106 Lumbricus 3.8 ( 0.3 EM 118
Lumbricus 3.86 ( 0.09 SE 107 ND 3.34 ( 0.51 GF 119
Lumbricus 3.68 ( 0.17 SE 108 Lumbricus 3.41 ( 0.39 SE 22
Pheretima 3.07 S&D 109 3.56 ( 0.13 STEM
Lumbricus 3.95 ( 0.15 SAXS 110
Lumbricus 4.1 S&D 111 mean 3.42 ( 0.44
a ND, not determined. b Abbreviations: SE, sedimentation equilibrium; LS, light scattering; GF, gel filtration; S&D, calculated

using the Svedberg equation; SAXS, small-angle X-ray scattering; EM, electron microscopy; STEM, mass mapping by scanning
transmission electron microscopy.
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Figure 2. Alignment according to Kapp et al.,54 of the amino acid sequences of sperm whale Mb and of globin chains from
the HBL Hbs of the annelids Tylorrhynchus (I, IIA-C)47 and Lumbricus (a-d)50,52 and from the ∼4 × 105 Hbs of the
vestimentiferan Lamellibrachia (BI-BIV)53 and the pogonophoranOligobrachia (1-3).40 The Mb-fold indicates the canonical
secondary structure;98 the 37 solvent inaccessible positions99 are in bold type. The distal and proximal residues are indicated
by D and P, respectively. Note that not all of the 182 positions required to align the 700 globin sequences54 are used here:
the 84 positions common to all globins are underlined. The sequences group into two types.56 The identical residues in the
consensus sequences for each group are in boldface.
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predominantly structural, since in their absence, the
functional dodecamer/tetramer subunits do not reas-
semble into HBL structures. In both Riftia and
Lamellibrachia Hbs an additional role as sulfide
binding site has been suggested.38,53,60

F. Mass Spectrometric Studies
Very recently, one of us (B.N.G.) was able to use

maximum entropy deconvolution of the raw ESI-MS
of several native and chemically modified anne-
lid,22,24,36,37 vestimentiferan,38,39 and pogonophoran40
Hbs, to obtain complete zero charge spectra of all
their constituent subunits and polypeptide chains
and determine their masses with an undreamed of

accuracy of (1-3 Da (for subunits ranging from 16
× 103 to 50 × 103). Figure 3, A and B, shows the
raw ESI-MS of Lumbricus Hb and the resulting
deconvolution on a true mass scale, using the Max-
Ent program. The mass spectra of the native Hbs
in combination with the spectra of reduced, reduced,
and carbamidomethylated and unreduced carbami-
domethylated forms permit the determination of the
number of Cys residues as well as the numbers of
free Cys and disulfide bonded Cys residues. ESI-MS
has also provided unambiguous determination of the
nature of glycosylation, whether of globin or linker
subunits, generally (HexNAc)2(Hex)n (n ) 6-9).
Furthermore, if the ionization efficiencies of all the

Figure 3. The electrospray ionization mass spectra of native Lumbricus Hb:22 (A) the baseline-subtracted, smoothed,
multiply-charged spectrum, and (B) the corresponding zero charge (molecular mass) spectra obtained with the MaxEnt
program.100 The identifications of the multiply-charged peaks in A provide the subunit or chain and the positive charge:
thus, d1,13 is d1 + 13H+. Note that only chain d appears in the spectra, since chains a-c form a disulfide-bonded trimer
in the native Hb.
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chains are comparable, the relative intensities of the
observed peaks provide a quantitative measure of the
amount of each component. Tables 2 and 3 shows
the detailed polypeptide chain inventories of several
HBL Hbs. This cornucopia of detailed mass informa-
tion has allowed the verification of the known globin
and linker sequences and has allowed us to propose
suitable models of the quaternary structures
with much greater confidence than heretofore
possible.22,24,36-38

The average ESI-MS mass of the four globin chains
of Lumbricus Hb is 17.8 × 103, corresponding to an
iron content of 0.31 wt %,22 which should be compared
to the experimentally determined values for the Hb,
0.221-0.230 wt %:41,43,61 it is clear that globin chains
account for only 70-74% of the total Hb mass. The
ESI-MS results22 also show that chain a and linker
L1 have glycan side chains, providing a calculated
carbohydrate content of 2.1% (on the basis of 36 chain
a and 12 L1) in good agreement with the earlier value
(section II.B).

G. Phylogenetic Relationships
Phylogenetic trees based on the globin sequences

of the annelids Tylorrhynchus and Lumbricus, the
vestimentiferan Lamellibrachia, and the pogonopho-
ran Oligobrachia suggests a very close phylogenetic
relationship between the annelids and the two other
groups,40,60 in agreement with the results of other

studies based on elongation factor-1R62 and 28S
ribosomal DNA sequences.63 The globin gene dupli-
cation events responsible for the appearance of two
group of globin sequences56 (Figure 2) must have
occurred prior to the divergence of the annelids,
vestimentiferans, and pogonophorans.

III. Quaternary Structure

A. Bracelet Model: Dodecamer vs Hexadecamer
On the basis of the observation of a dodecamer

lacking linker chains as a product of Lumbricus Hb
dissociation, we proposed a bracelet model for its
quaternary structure, consisting of 12 dodecamers (12
× [a+b+c]3[d3]), decorating a bracelet or framework
of 30-40 linkers.45,46 On the basis of the most recent
Hb mass of 3.55 × 106, the 12 dodecamers (2.13 ×
105 × 12 ) 2.56 × 106), account for ∼72% of the total
mass, in excellent agreement with the iron and heme
contents (sections II.B and II.F). This model also
accounts for the low R-helical content deduced from
CD spectra (∼40%)4,6,64 and appears to hold for all
annelid and vestimentiferan Hbs for which ESI-MS
and STEM mass data have become available
recently.22,24,36-38 It should be noted that in the case
of Lumbricus Hb, even with the ESI-MS masses of
its subunits, it is impossible to be sure of the number
of linker subunits, since the two likely possibilities,
36 and 42, both provide masses within the experi-

Table 2. ESI-MS Masses of Globin Chainsa

Lumbricusb Arenicolad Tylorrhynchuse Macrobdellaf Riftiag Oligobrachiah

CHAIN MASS CYS CHAIN MASS CYS CHAIN MASS CYS CHAIN MASS CYS CHAIN MASS CYS CHAIN MASS CYS

d1 15992.4 3 a1 15952.5 3 I 15575.4 2 A 16770.1 2 b 16133.5 3 a1 14861.6 1
d2 15978.0 3 a2 15974.8 3 c 16805.9 2 a2 14937.2 1
d3 15962.1 3 d 15578.5 3 a3 15040.9 1
b 16254.4 3 b1 15920.9 3 IIA 16773.1 3 B 16841.9 2 e 16149.1 4 a4 15070.8 1

b2 16020.1 3 f 16368.1 3 a5 15310.8 3
b3 16036.2 3

c 17289.2 3 c 16664.8 3 IIB 16851.6 3 P 16052.2 3 ac 15933.4 ND b 15174.8 4
ac 17524.0 4 d1 16983.2 5 IIC 17022.2 4 Q 16537.3 3 a1 17637.4 2 c 15608.0 5
a1 19389.9 4 d2 17033.1 5 R 16666.7 3 a2 17800.0 2 d 14776.2 ND
a2 19227.4 4 S 16792.9 3 a3 17962.4 ND
a3 19065.3 4 a4 18452.1 ND
a4 18902.9 4 a5 18613.7 ND

a Mass in Da; estimated error of measurement (1.0 Da. ND, not determined. b From Martin et al.;22 chains a-c form disulfide-
bonded trimers. c N-Deglycosylated; exists only in glycosylated forms with (HexNAc)2(Hex)n, n ) 6-10. d From Zal et al.;36 chains
b-d form disulfide-bonded trimers. e From Green et al.;37 chains IIA-C form disulfide-bonded trimer. f FromWeber et al.;24 chain
P forms three heterodimers with chains Q, R, and S. g From Zal et al.;38,39 the HBL Hb consists of chains b, c, d, and e and a
heterodimer d+e. The vascular and coelomic 4 × 105 Hbs have no linkers and share globin chains b, c, e, f, and a1-a5 and a
heterodimer e+f; they differ in that the vascular Hb also has chain d and heterodimer e+f. h From Yuasa et al.;40 heterodimer
b+c and trimer b+c+d are also present.

Table 3. ESI-MS Masses of Linker Chainsa

Lumbricusb Arenicolad Tylorrhynchuse Macrobdellaf Riftiag

chain mass CYS chain mass CYS chain mass CYS chain mass CYS chain mass CYS

L1a 27702.4 10 L1 25174.1 12 L1 28202.2 12 C 24340.1 10 L1 23505.2 12
L1b 27540.8 10
L1c 25837.5
L2 32104.3 ND L2 26829.7 12 L2 26317.2 12 D 24398.6 10 L2 23851.4 ND
L3 24912.9 ND L3 25326.9 10 E 24420.0 9 L3 26342.4 ND
L4a 24169.9 ND L4 24835.4 10 L4 27425.8 ND
L4b 24102.3 ND L5 23233.8 10
L4c 24019.0

a Mass in Da; estimated error in mass measurement (2.0 Da. ND, not determined. b From Martin et al.;22 linkers L1a and
L1b have (HexNAc)2(Hex)n, n ) 9 and 8. c From N-deglycosylated Hb; exists only in glycosylated form. d From Zal et al.;36 linker
L1 forms a homodimer and a heterodimer with linker L2. e From Green et al.;37 linker L2 forms a homodimer. f From Weber et
al.24 g From Zal et al.38,39
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mental error of the total Hb mass.22 Because each
dodecamer is expected to have at least three contacts
with neighboring dodecamers, 36 linkers is conceptu-
ally the more satisfying number.
Riggs and his collaborators isolated the trimer and

monomer subunits from Lumbricus Hb dissociated
at pH > 9 and upon mixing the two at neutral pH
obtained a reassociation product, whose sedimenta-
tion velocity behavior they interpreted to be that of
an octamer of globin chains [abcd]2.65 Believing the
latter to be the principal functional subunit of the
Hb, they proposed a model consisting of 12 hexa-
decamers of globin chains (12 × [a+b+c+d]4) and 24
linker chains, on the basis of measured globin:linker
ratio (84:16) and heme content (3.04%).66,67 It should
be noted that earlier work on the reassociation of the
alkaline pH dissociation products of the Hb has
demonstrated the formation of a ∼3 × 105 product
which was incapable of reassociating further to a
native-like HBL structure.43 The relevance of a
globin-containing subunit obtained by reassociation
of subunits obtained under relatively harsh condi-
tions, to the quaternary structure of Lumbricus Hb
remains unclear. Furthermore, the Riggs model is
based on appreciably higher than the normal values

of heme and iron content (section II.B)6,33 and pro-
vides a total mass in excess of 4 × 106, substantially
higher than the latest values obtained by STEMmass
mapping and sedimentation equilibrium (section
II.A).

B. Three-Dimensional Reconstruction

Recent 3D reconstructions from cryoelectron mi-
croscopic images have demonstrated that the struc-
tures of Eudistylia Chl68 and the Hbs of Macrobdel-
la,69 Riftia,70 and Lumbricus71 are very similar at 30-
40 Å resolution, thus supporting the notion of a
common quaternary structure and the applicability
of the bracelet model. Figure 4 shows some repre-
sentative results. The reconstructions indicate that
each of the 12 hollow globular substructures has a
local 3-fold axis of symmetry, in agreement with the
molecular symmetry of Lumbricus dodecamer crys-
tals.72 The occurrence of a local 3-fold symmetry
suggests that the hexadecamer model proposed by
Ownby et al.67 is unlikely to be correct.
The 3D reconstructions also demonstrated that the

two hexagonal rings were rotated relative to each
other by ∼15° from the fully eclipsed conformation.

Figure 4. Surface representations of the 3D reconstruction volumes ofMacrobdella decora (leech) (A-C) and Lumbricus
terrestris (oligochaete) (D-F) computed by the method of Penczek et al. from TEM images of frozen, hydrated specimens.101
(A, D) top views; (B, E) 45° views; (C, F) whole molecule cut in half by a plane passing through the 6-fold axis. Due to the
position of the 2-fold axes, the two hexagonal layers appear to be rotated by ∼15° relative to each other as indicated by the
positions of the two hexagons in A. In B, the triangles indicate the position of the local pseudo-3-fold axes of the hollow
globular substructures (HGS) each containing a dodecamer of globin chains. The main difference between the two Hbs is
the presence of a hole in the central mass of Macrobdella Hb that is well visible in A and C. In B and E, one of the 12
connections between the central mass and the rest of the molecule is visible in the opening of the volume. In C and F, the
central cavities of the four HSG’s are apparent in the section surface. The 3D reconstructions of RiftiaHb70 (vestimentiferan)
and Eudistylia68 (polychaete) Chl are quite similar to those of Macrobdella69 and Lumbricus Hbs. The illustrations were
prepared by F. De Haas.
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Furthermore, 3D reconstructions of reassembled
HBL structures from LumbricusHb subunits missing
one of the linkers (L2) in one case or a globin subunit
(chain d) in the other73 has permitted the localization
of the positions of these subunits in the HBL complex
(F. De Haas and J. Lamy, unpublished observations).
These results imply that formation of a HBL struc-
ture does not require all the subunits, in consonance
with our suggestion of a variable subunit stoichiom-
etry,22 supported by the kinetic heterogeneity of Hb
dissociation.32

C. Effects of Group IIA Cations
The stability of the HBL structure is strongly

dependent on the presence of group IIA cations
(Mg2+, Ca2+, Sr2+, Ba2+).4,6,7,74-76 Although the con-
centration of Ca2+ is amazingly constant in the blood
of vestimentiferans and annelids, at 7-13 mM,
including the deep sea species, that of Mg2+ varies
from 2 to 44 mM,77,78 while the pH is generally in
the range 7.0-7.5. Exposure of HBL Hbs to a
chelating agent such as EDTA leaves 40-60 Ca2+ per
molecule;22,79 even complete dissociation of Lumbricus
Hb still leaves some 25-30 Ca2+ present.22 A recent
detailed study of its dissociation and reassembly32
has shown that the optimal cation concentration for
both processes is ∼10 mM. These results suggest
that there are several different types of Ca-binding
sites with different binding affinities.

D. Metal Content
In addition to the heme iron and the protein-bound

Ca2+, Lumbricus and TylorrhynchusHbs contain 1-4

Cu2+ and Zn2+ per mole.79 The presence of Cu and
Zn appears to be related to the existence of super-
oxide dismutase activity in Lumbricus Hb, thought
to reside in one of the linker subunits.30

IV. Equilibrium Oxygen Binding

A. Do Linkers Play a Role in HBL Hb
Cooperativity?
Table 4 presents the oxygenation parameters of

several HBL Hbs and Chls and of their functional
subunits. The variation in affinity is about 1000-fold,
with the deep sea Hbs having much higher affinities
than the sea level Hbs. Lumbricus dodecamer has
the same affinity of oxygen binding as the native Hb
but only two-thirds of its cooperativity (n50 ≈ 2.1 vs
3-4).46 The functional tetramer of Macrobdella Hb
and dodecamer/tetramer of Eudistylia Chl have
higher affinities and lower cooperativities than the
native Hb and Chl.24,80 The small monomeric sub-
units have the highest affinities and exhibit no
cooperativity.24,65 We believe that the low cooperat-
ivity of the functional subunits (n50 ≈ 1.6-2.0) is due
to globin-globin interactions and that the added
cooperativity of the native HBL structures is due to
additional interactions between dodecamer/tetramer
and linker chains. The essential role of linker chains
is underscored by the fact that the 4 × 105 Hb from
Riftia, which consists only of globin chains, has a
substantially smaller cooperativity than the HBL
Hb14 (Table 4). Globin-linker interactions could
entail interactions between the dodecamer/tetramer
and one or more of the linker chains or linker-

Table 4. Oxygen-Binding Parameters of Some Annelid, Vestimentiferan, and Pogonophoran Hbs

Hb/SUBUNIT T, °C pH P50, Torr n50 φa ∆H, kJ mole-1 ref

Lumbricus Hb 25 7.0 15.2 3.6 65
+100 mM Na+ 15.4 3.5
+100 mM Na+ + 25 mM Ca2+ 11.6 4.2

Lumbricus trimer 15 7.2 4.0 1.3 -0.35 81
monomer 0.6 1.1 0.0

Lumbricus Hb 25 7.1 11.8 3.3 46
dodecamer 11.7 2.1

Lumbricus blood 25 7.2 11.4 5.2 -0.42 -45 82
+100 mM Mg2+ 5.7 7.0 -0.62
+100 mM Ca2+ 4.2 6.0 -0.53

Hb 25 13.6 4.5 -0.24 -50
+100 mM Mg2+ 6.3 5.8 -0.56
+100 mM Ca2+ 4.8 5.7 -0.49

dodecamer 25 15.4 1.8 -0.19 -56
+100 mM Mg2+ 7.9 2.6 -0.61
+100 mM Ca2+ 5.9 2.0

Arenicola Hbb 15 7.4 5.7 2.5 83
+120 mM Na+ 4.7 2.6
+120 mM Mg+ 1.0 3.4

Macrobdella Hb 25 7.3 4.8 4.0 -0.38 -44 24
tetramer 2.7 1.4 -0.30 -40
monomer 7.5 0.3 1.0 0.0 -37

Eudistylia Chl 25 7.1 145 6.9 -0.44 80
+100 mM Mg2+ 107 7.7

dodecamer 58 1.7 -0.22
+100 mM Mg2+ 55 1.8

tetramer 43 1.4 -0.21
Alvinella Hbc 20 7.3 0.3 3.0 -1.18 -89 17
Riftia Hb FId 30 7.0 0.5 2.4 -0.35 -68 14
Riftia Hb FIId 0.3 1.6 -0.04 -69
Siboglinum Hb 20 7.0 0.3 2.0 +0.25 -13 18
a Bohr effect ) ∆log P50/∆pH over the range pH 6-8, since the large majority of annelid HBL Hbs (but not Chls) dissociate at

pH > 8. b Deionized Hb. c In the presence of 50 mM Mg2+ and 10 mM Ca2+. d In the presence of 31 mM Mg2+ and 11 mM Ca2+.
The O2 affinities of Riftia FI (HBL Hb) and FII (∼4 × 105) are unaffected by sulfide. The affinity for sulfide is comparable to the
O2 affinity; half-saturation of blood occurs at [HS-] ≈ 11 mM.
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mediated interactions between neighboring dodecam-
ers/tetramers, or both. Furthermore, these interac-
tions could be equatorial, i.e. within the plane of a
hexagonal ring or axial, i.e. between neighboring
dodecamers/tetramers from each of the two hexago-
nal rings.
Fushitani and Riggs have found the affinity and

cooperativity of oxygen binding of their putative
[abcd]2 reassociation product to be equal to those of
the native Hb at pH 6.8;81 however, at higher pH up
to 8, the affinity was higher and the cooperativity
lower than those of the native Hb. This result is
in general agreement with the results of a recent
oxygen binding study of Lumbricus blood, Hb and
dodecamer:82 (1) the affinities were similar at pH
6.5-6.7 and increased in the order dodecamer < Hb
< blood at higher pH, reaching maximum deviation
at pH 8; (2) although the cooperativities of the Hb
and blood were similar at neutral pH, they deviated
at higher pH with that of the blood reaching a
maximum at pH 7.5-8; (3) the difference in the
cooperativity of Hb vs dodecamer increased with
increase in pH. Although differences in cooperativity
were observed for dodecamer preparations obtained
by dissociation of the Hb in urea and in the presence
of heteropolytungstates, which appear to be related
to the Ca content of the dodecamer, the highest
cooperativity for a dodecamer was 2.7, while the
cooperativities of the Hb and blood varied over the
range 3-6 and 3-9, respectively.82 In view of the
lack of documentation for the complete absence of
linker chains in the [abcd]2 preparation of Fushitani
and Riggs, it appears that the weight of experimental
evidence is in favor of a role for the linker chains in
the full manifestation of the cooperativity of oxygen
binding in Lumbricus and other annelid HBL Hbs.

B. Effects of Cations

In contrast to vertebrate Hbs, the affinity and
cooperativity of oxygen binding of HBL Hbs and Chls
while unaffected by organic phosphate anions, such
as DPG and ATP, are substantially increased in the
presence of group IIA cations at concentrations to 100
mM (Table 4).24,65,75,80-84 Although monovalent cat-
ions such Na+, also increase affinity and cooperativ-
ity, they do so to a much lesser extent.24,65,75,80-84

There exists the possibility that other divalent cat-
ions may also exert structural and functional ef-
fects.75 The recent observation that Lumbricus blood
had a substantially higher affinity and cooperativity
than the Hb purified by gel filtration85 in the pH
range 7-882 (Table 4) suggests the need to consider
the presence of an unknown organic/inorganic allos-
teric effector other than monovalent and divalent
cations.

C. Lack of Alteration in Molecular Shape

SAXS studies of Lumbricus Hb and its dodecamer
show no experimentally detectable alteration in
shape or size in going from oxy to deoxy form.82,86 On
the basis of the angular displacement of ∼15° be-
tween the two hexagonal layers observed in the 3D
reconstructions, we propose that relative rotation of
the two hexagonal rings may underlie the cooperat-
ivity due to dodecamer/tetramer-linker interactions.

It is unlikely that relative rotation of the two layers
in a HBL structure attendant upon ligand binding
or dissociation would lead to alteration in shape or
size.

D. Stereochemistry of Ligand Binding

In contrast to vertebrate Hbs whose cooperativity
of ligand binding is due to ligand binding-induced
alterations in the stereochemistry of the heme iron-
to-proximal His bond,87 the cooperativity of ligand
binding of HBL Hbs and Chls appears to have a
different structural basis. The EPR spectrum of
nitrosyl Hb from the earthworm Octalasium corre-
sponds to that of a hexacoordinate structure and
unlike the vertebrate Hb derivatives, remains unaf-
fected by variation in pH from 4.7 to 7.4 and presence
of Ca2+ up to 100 mM.88 Resonance Raman studies
of the deoxy forms of Potamilla Chl and of Travisia
Hb and its 1/12 subunit (∼240 kDa) showed that the
spectra of the native Chl and Hb and the 1/12th were
the same,89,90 with the Fe-His stretching at 219-
222 cm-1 being similar to the vertebrate deoxyHbs.91
The deoxyChl line was unaffected by the presence of
5 mM Mg+2, when the oxygen affinity was increased
3-fold.89,90 A more recent resonance Raman study of
the deoxy, oxy, and CO forms of Lumbricus Hb at
pH 7 and 9.2 revealed minimal differences in the
region of the Fe-His stretching vibration and the
π-electron distribution in the heme group,92 with the
spectral frequencies being similar to those observed
in R-state vertebrate Hbs; the HBL Hb heme groups
appear to behave more like the heme in Mb.

V. Conclusion

The results obtained over the last 10-15 years lead
to several significant conclusions. (1) The HBL Hbs
and Chls are heteromultimeric complexes, with masses
close to 3.5 × 106, consisting of 4-6 different globin
chains accounting for 70-74% of the total mass and
2-4 groups of linker chains. (2) Dissociation studies
have clearly delineated the hierarchical organization
of the heme-containing subunits, ranging from
dodecamer to monomer. (3) A bracelet model con-
sisting of 144 globin chains arranged in two hexago-
nally symmetric layers of 12 dodecamers decorating
a framework of 36-42 linker chains fits the ESI-MS
and molecular mass data for annelid Hbs and Chls
as well as a vestimentiferan Hb. (4) Cryoelectron
microscopic 3D reconstructions demonstrate the es-
sential similarity of annelid and vestimentiferan
HBL structures, support the bracelet model, and
show that each of the 12 globular substructures have
a local 3-fold axis of symmetry, in agreement with
the crystallographic molecular symmetry found for
Lumbricus Hb dodecamer. (5) The 3D reconstruc-
tions of Lumbricus Hb and reassembled HBL struc-
tures suggest that not all globin or linker subunits
are necessary for the formation of a HBL structure.
(6) SAXS studies suggest that there is little or no
alteration in the shapes of Lumbricus Hb and its
dodecamer subunit in going from oxy to deoxy state.
(7) In addition to about 40-60 tightly bound Ca2+,
HBL Hbs have small amounts of Cu and/or Zn.
Maximum protection of the HBL structure and
promotion of its reassembly occurs at ∼10 mM Ca2+,
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Mg2+, and Sr2+. The latter also increase the oxygen
binding affinities and cooperativites of the HBL Hbs
and their functional subunits at concentrations up
to 100 mM. (8) The functional subunits have either
similar or lesser oxygen binding affinities than the
native HBL Hb and lower cooperativities, implying
that there are two levels of cooperativity: one due
to globin-globin interactions and another, based on
globin-linker interactions. (8) The absence of alter-
ations in the EPR spectra of the ligated deoxy forms
and in the resonance Raman spectra of deoxy and
ligated forms of HBL Hbs and Chls, with pH and in
the presence of Ca2+ and Mg2+, suggest that ligand
binding is not accompanied by alterations in the
stereochemistry of the heme iron-proximal His bond.
The mechanisms underlying the cooperativity of

oxygen binding at the functional subunit level due
to globin-globin interactions and at the level of the
native HBL structure due to globin-linker-globin
interactions are bound to be quite different from the
two presently well-delineated mechanisms, one in
vertebrate Hbs87,93 and the other in the dimeric and
tetrameric Hbs of the mollusk Scapharca.94-96 Fur-
thermore, the globin-linker interactions make the
HBL Hbs a paradigm for multiprotein and multien-
zyme complexes where allosteric interactions occur
between unlike proteins.

Abbreviations
Hb hemoglobin
HBL hexagonal bilayer
Chl chlorocruorin
STEM scanning transmission electron microscopy
ESI-MS electrospray ionization mass spectrometry
Gdm guanidinium
Mb myoglobin
SDS
PAGE

sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis

CD circular dichroism
3D three-dimensional
DPG 2,3-diphosphoglycerate
ATP adenosine triphosphate
SAXS small-angle X-ray scattering
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