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The oxygen transport proteins hemocyanins (Hcs) are

present in the hemolymph of molluscs and arthropods

as high-molecular-weight oligomers. The biological

function of this protein is based on the equilibrium shift

between a low-affinity (deoxy-Hc) and a high-affinity

(oxy-Hc) form that depends on the concentration of

dioxygen and effectors. In arthropods, the occurrence

of Hc has been well established in Crustacea, Cheli-

cerata and Myriapoda [1–3]. Meanwhile, extending the

screening to different taxa has demonstrated a wider

distribution of Hc as an oxygen carrier [4–6].

The basic structure of all arthropod Hc oligomers

is a hexamer of subunits [7]. This structure has been

solved by crystallography [8,9] and by electron and

cryoelectron microscopy [10–12], allowing for a precise

definition of the intersubunit interactions. The hexamer

is organized in two layers that are rotated with respect

to each other and include three subunits each. A three-

fold symmetry axis connects the subunits along the

axial position of the molecule, whereas six twofold

symmetry axes, running perpendicular to the threefold

axis, connect the subunits belonging to different layers.
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The hemocyanin of the tiger shrimp, Penaeus monodon, was investigated

with respect to stability and oxygen binding. While hexamers occur as a

major component, dodecamers and traces of higher aggregates are also

found. Both the hexamers and dodecamers were found to be extremely sta-

ble against dissociation at high pH, independently of the presence of cal-

cium ions, in contrast to the known crustacean hemocyanins. This could be

caused by only a few additional noncovalent interactions between amino

acids located at the subunit–subunit interfaces. Based on X-ray structures

and sequence alignments of related hemocyanins, the particular amino

acids are identified. At all pH values, the p50 and Bohr coefficients of the

hexamers are twice as high as those of dodecamers. While the oxygen bind-

ing of hexamers from crustaceans can normally be described by a simple

two-state model, an additional conformational state is needed to describe

the oxygen-binding behaviour of Penaeus monodon hemocyanin within the

pH range of 7.0 to 8.5. The dodecamers bind oxygen according to the nes-

ted Monod–Whyman–Changeaux (MWC) model, as observed for the same

aggregation states of other hemocyanins. The oxygen-binding properties of

both the hexameric and dodecameric hemocyanins guarantee an efficient

supply of the animal with oxygen, with respect to the ratio between their

concentrations. It seems that under normoxic conditions, hexamers play

the major role. Under hypoxic conditions, the hexamers are expected not

to be completely loaded with oxygen. Here, the dodecamers are supposed

to be responsible for the oxygen supply.

Abbreviations

Hc, hemocyanin; h50, Hill-coefficient at half-saturation; MWC, Monod–Whyman–Changeaux; p50, oxygen partial pressure at half-saturation;

SS, squared residuals.
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The arthropod Hc subunits are polypeptide chains

folded into three domains where the active site, formed

by ‘domain 2’, is deeply buried in the protein fold. Six

histidines, belonging to a four antiparallel a-helices
motif, represent the ligands for two copper ions that

are fundamental for the binding of dioxygen. The

availability of several subunit sequences [13] of the

crystallographic structure of two deoxy-Hcs (Panulirus

interruptus a and b subunits [9]; Limulus polyphemus

subunit II [8]), and of one oxy-Hc (L. polyphemus sub-

unit II [14]), have provided important information on

the structural basis for the oligomerization and for the

conformational changes occurring upon the binding of

dioxygen.

The hexameric aggregate represents the building

block for further oligomerization to the 2 · 6-meric,

4 · 6-meric, 6 · 6-meric and 8 · 6-meric aggregates

[3]. This aggregation depends on the presence of speci-

fic subunits that act as ‘linkers’ between hexamers,

providing the correct pairing of intrahexamers contact

areas. The highly conserved tertiary fold among arth-

ropod Hcs, and the elucidation of primary structures,

allows for tracing the putative structures of the oligo-

mers by homology modelling, as accomplished for the

4 · 6-meric tarantula Hc [15]. Subunit heterogeneity

has also been correlated with modulation of the oxy-

gen-binding properties of Hcs [16–19] and, at least in

some cases, it seems to be involved in adaptative mech-

anisms in response to environmental stimuli [20–23].

The active site of deoxy-Hc is a colourless di-Cu(I)

complex. Oxygen binding occurs via a two-electron

transfer from copper to oxygen, the resulting complex

is described as a l:g2–g2 Cu(II)–peroxide complex

[24]. This complex represents an important chromo-

phore that reports on the concentration of oxy-Hc as

it exhibits an intense peroxide-to-Cu(II) charge transfer

band at � 340 nm (e � 18 000 m
)1Æcm)1) [25]. It seems

that the cooperative and allosteric oxygen-binding

behaviour of hexamers can often be described by the

simple, two-state Monod–Whyman–Changeaux (MWC)

model [26], whereas higher aggregation levels require

more extended models. A characteristic feature of arth-

ropod Hc oligomers is the increase of cooperativity

with increased aggregation state [3,27] and highly hier-

archical allosteric interactions, such as those involved

in the ‘nested’ MWC model [28–30]. Information

about the structural differences of the different confor-

mations involved in the establishment of cooperative

behaviour has also recently been obtained by small

angle X-ray scattering. In the case of the 4 · 6-meric

tarantula Hc, all protein structural levels are involved

in the conformational transition upon oxygenation

[31,32]. Furthermore, data obtained in the absence and

presence of the allosteric effector, lactate, showed that

the interhexameric distance in the dodecameric Homa-

rus americanus Hc is shortened by 1.1 nm upon lactate

binding [33]. It is also worth noting that the homo-

hexamers, prepared by reassociating homogeneous

preparations of a given subunit, exhibit an oxygen-

binding affinity which is lower than that of the native

protein, again pointing to the importance of a correct

subunit pattern for fulfilling the physiological role

[18,27,34].

There is an increasing interest in characterizing

the structural stability of arthropod Hc oligomers, the

reversibility of the dissociation processes and the

occurrence of different subunits, in order to correlate

the structural properties of the various aggregation

forms with their oxygen-binding properties. The ulti-

mate aim is a precise definition of the allosteric unit

responsible for cooperativity and of the possible role

of heterogeneity at subunit level in the modulation of

the functional properties [18,27,34].

In this article we focused on the Hc isolated from

the prawn, Penaeus monodon. This species is interesting

from an evolutionary point of view as peneid shrimps

represent the ancestral branch of all Decapoda [35].

The oligomers of this protein exhibit an unusually high

stability that can be rationalized in terms of available

information on the stabilizing forces by homology

modelling of another Penaeus sequence. Furthermore,

the oxygen-binding properties were also studied to

determine whether the unusually strong intersubunit

interactions that stabilize the hexamers can be corre-

lated with the allosteric properties of the protein and

to trace the evolutionary pathway of the allosteric

behaviour.

Results

Characterization of the oligomeric state

of P. monodon Hc

In gel-filtration experiments of native P. monodon Hc,

two peaks were obtained at pH 7.5 in the presence of

Ca2+ (Fig. 1). The first peak (Fig. 1, peak A) corres-

ponds to dodecameric Hc, while the second (Fig. 1,

peak B) represents the hexameric form, based on the

column calibration with Carcinus aestuarii Hc. The

elution pattern does not change upon removal of Ca2+

ions by EDTA (data not shown). This is in contrast to

many other crustacean Hcs, where the dodecameric

form represents the most abundant species in the pres-

ence of divalent cations at neutral pH, but dissociates

into hexamers in the absence of divalent ions [3]. This

characteristic is shared also by other Hcs of the genus
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Penaeus, such as P. semisulcatus and P. japonicus

(M. Beltramini, unpublished results). The observed elu-

tion pattern does not result from equilibrium between

the two aggregation states, as rechromatography of the

individual peaks shows only the peak corresponding to

the selected aggregation form (Fig. 1). The dodecamer-

ic Hc peak shows a shoulder at lower elution volumes,

indicating the presence of high-molecular-weight aggre-

gates (Fig. 1, arrow). Therefore, this peak was subjec-

ted to preparative gel chromatography and analysed

by native PAGE. The results are shown in Fig. 2,

where PAGE reveals the presence of several types of

oligomers above the dodecameric level causing the

leading edge shoulder (Fig. 2, inset). The shoulder elut-

ing between 3.25 and 3.50 h represents a small fraction

of hexameric Hc still present after collection and was

not further analysed.

The native P. monodon Hc pool shows, when ana-

lyzed by SDS ⁄PAGE, two bands with 67 and 65 kDa

components, either with or without dithiothreitol treat-

ment, indicating that disulphide bridges are not

involved in the formation of the quaternary structure.

In order to further characterize the aggregation

states of P. monodon Hc, the material eluting as frac-

tions 2 and 6 in the preparative chromatography of

Fig. 2 was analyzed by light scattering (Fig. 3). In

Fig. 3A the distribution of molar mass in the elution

Fig. 1. Analysis of the aggregation state of Penaeus monodon hem-

ocyanin (Hc). Gel filtration chromatography (Superose 6H 10 ⁄ 30) of
native Hc was carried out in 50 mM Tris ⁄HCl, 20 mM CaCl2, pH 7.5

(solid line). The dashed line and the dotted line indicate the elution

profile of a further chromatography of the material included in peak

A and peak B, respectively. The arrow identifies the broadening of

the profile at lower elution volumes caused by higher molecular

mass material.

Fig. 2. Analysis of the oligomeric state of Penaeus monodon hemo-

cyanin (Hc). Preparative gel filtration chromatography and PAGE

(inset) of dodecameric Hc. The dashed sections 2–7 identify speci-

fic fractions that are collected and analysed by native PAGE at

pH 7.5 (inset). The Hc from Homarus americanus (H) and Astacus

leptodactylus (A) are used as markers for the hexameric (1 · 6) and

dodecameric (2 · 6) aggregation state, respectively. A Fractogel XK

26 ⁄ 100 preparative grade column was eluted with 50 mM Tris ⁄HCl,
20 mM CaCl2, pH 7.5.

Fig. 3. Analysis of the oligomeric state of Penaeus monodon hemo-

cyanin (Hc): gel-filtration chromatography and light scattering deter-

mination of molar mass. Specific fractions of dodecameric Hc,

prepared as described in Fig. 2, were further fractionated through

Superose 6HR 10 ⁄ 30 in 50 mM Tris ⁄HCl, 20 mM CaCl2, pH 7.5, and

the molar mass of the eluted material is determined by light scat-

tering, as described in the Experimental procedures. (A) and (B)

show the results obtained with fractions 2 and 6 of Fig. 2, respect-

ively. The solid and dashed lines represent the elution profiles as

traced following the absorbance at 280 nm and the light scattering,

respectively.
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profile obtained from fraction 2 is shown. The elution

profile indicates the existence of two species: one minor

component with a molecular mass of � 1.8 · 106 Da

and a major component of � 0.95 · 106 Da. It is

worth noting that the results do not change when Hc

is incubated and eluted with 10 mm EDTA, proving

that the aggregation states do not depend on the pres-

ence of divalent cations. The molecular mass value

may indicate the presence of 4 · 6-meric molecules

in the fraction corresponding to the front shoulder

(Fig. 1, arrow). In contrast, the elution of fraction 6

is nearly homogenous, yielding a molecular mass of

0.95 mDa, as would be expected for a 12-meric Hc.

Only slight contamination with a hexameric species is

visible (above 14 mL), which is in agreement with the

results of PAGE in Fig. 2.

The heterogeneity of the dodecameric Hc is manifes-

ted also by the ion-exchange chromatography experi-

ments at different pH values in the presence of EDTA.

The dodecameric Hc peak broadens as the pH of the

solution increases. This broadening indicates hetero-

geneity in the dodecamers, rather than dissociation to

hexamers, as gel filtration at pH 9.2 does not show the

formation of a dominant population of hexamers, even

at prolonged incubation (see below). In contrast, the

elution profile of hexameric Hc is not modified upon

pH changes. The same behaviour for both oligomers is

observed in the presence of Ca2+ ions, in agreement

with the observation that also the pattern of oligomers

is not affected by calcium (data not shown).

Stability of the oligomeric state

Typically, arthropod Hcs can be dissociated into sub-

units under nondenaturating conditions by removing

divalent cations with EDTA and increasing the pH.

The dodecameric Hc from P. monodon is found to be

rather stable because the gel-filtration pattern after

48 h of incubation at pH 9.2 in the presence of 10 mm

EDTA shows the persistence of the dodecameric aggre-

gation state (Fig. 4A, peak a) with the appearance of

only a small fraction of the hexameric form (Fig. 4A,

peak b) and of monomers (Fig. 4C, peak c). At pro-

longed incubation (216 h), mainly a further peak (d),

eluting later, is increasing, whereas the relative size of

the peaks a, b and c remain constant (Fig. 4B). The

assignment of peaks b and c is based on the well-estab-

lished elution pattern of hexameric and monomeric

C. aestuarii Hc [34] (Fig. 4C). The sharp peak d may

derive from a slow pH-induced fragmentation of the

protein. Increasing the pH to 11.5 results in a very

complicated elution pattern and the peaks cannot be

attributed to any discrete native-like structures (data

not shown). The hexameric form does not change its

aggregation state upon 48 h of incubation at pH 9.2

with 10 mm EDTA, but it dissociates at pH 11.5, as

observed with the dodecameric form (data not shown).

As it was not possible to produce well-defined disso-

ciation products upon treatment with EDTA and

increased pH, the effects of increasing concentrations

of NaSCN and NaClO4 were studied. The first salt is a

powerful protein denaturant, whose behaviour in aque-

ous solutions has been investigated in detail [36]. The

second is a salt close to NaClO4 in the chaotropic

Hofmeister’s series that proved to affect protein folding

and induce protein denaturation [37–39]. To follow the

capability to bind oxygen, the absorbance ratio at 340

and 280 nm (A340 ⁄A280) was measured. These experi-

ments were carried out in 50 mm Tris ⁄HCl, 10 mm

EDTA, at either pH 7.5 or 9.5 (Fig. 5). Increasing con-

centrations of perturbant results in a sigmoid curve

typical for a two-state transition. Up to 300 mm

Fig. 4. Alkaline dissociation of Penaeus monodon hemocyanin (Hc).

Gel filtration of the dodecameric Hc fraction eluted on a Superose

6H 10 ⁄ 30 analytical column equilibrated with 50 mM Tris ⁄HCl,
10 mM EDTA pH 9.2, after 48 h (A) and 216 h (B) of incubation in

the same buffer. The Hc of Carcinus aestuarii, eluted under the

same conditions, was used as a marker for the hexameric and

monomeric states. The letters identify dodecameric (a), hexameric

(b), monomeric (c) Hc and low molecular mass fragments (d).
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perturbant, the A340 ⁄A280 ratio remains constant at

0.21 (corrected for the spectral background after com-

plete disappearance of the oxy-Hc band), indicating

that Hc remains fully oxygenated. Thus, the 0–300 mm

region defines the concentration range suitable for car-

rying out gel filtration experiments to analyse the qua-

ternary structure of the protein under conditions where

active sites still bind oxygen. The results of a gel filtra-

tion analysis at 300 mm NaSCN, as reported in

Fig. 6B, demonstrate that the protein is still in the

oligomeric form, indistinguishable from the protein in

the absence of perturbant (Fig. 6A), with the exception

of a slight increase of retention time that can be attrib-

uted to a change in the hydrodynamic radius of the

protein in the presence of a high salt concentration. At

a higher perturbant concentration of 1.5 m NaClO4,

where the absorption band is abolished, a remarkable

modification of the elution pattern occurs (Fig. 6C).

Under these conditions, the fluorescence emission spec-

tra (excitation either 280 or 294 nm, data not shown)

have maxima at � 345 nm, red shifted with respect to

the protein in the absence of perturbants (emission

maximum at � 330 nm). These results point to denatur-

ation of the protein, and hence no attempt to further

characterize the various aggregation state(s) was made.

Sequence alignment and homology studies

The stability of the oligomeric structure towards

removal of divalent ions seems to be a characteris-

tic feature of the genus Penaeus. This suggests that

genus-specific changes in the amino acid sequence

should be determined, specifically at those positions

which are likely to be involved in the formation of the

quaternary structure. As the amino acid sequence is

available only for P. vannemei Hc [40], we used this

species for an alignment of the primary structure with

other Hc sequences, which dissociate under ‘standard’

stripping conditions, namely removal of Ca2+ ions

and increasing pH, but retain the oxygen-binding

property as well as the capability to reassociate [3].

The high sequence similarity within crustacean Hcs

(50–92% [13]), in general, and the observation that the

high structural stability is a common feature within

the genus Penaeus, allow this strategy. The areas puta-

tively involved in subunit contacts were deduced

from the X-ray crystallographic map obtained for

the Pan. interruptus hexamer composed of subunits

Fig. 5. Stability of Penaeus monodon hemocyanin (Hc) as a func-

tion of conformation perturbants. The oxygenation state (A340 ⁄A280)

was measured at different concentrations of NaClO4 (d,s) and of

NaSCN (m,n) at pH 7.5 (filled symbols) and pH 9.5 (empty sym-

bols). The buffer used was 50 mM Tris ⁄HCl, 10 mM EDTA, at the

indicated pH. The arrows indicate the concentrations of perturbants

used to check the aggregation state by gel filtration chromatogra-

phy (Fig. 7).

Fig. 6. Stability of Penaeus monodon hemocyanin (Hc) at different

concentrations of chaotropic solutes. Gel filtration of the native Hc

eluted on a Superose 6H 10 ⁄ 30 analytical column equilibrated with

50 mM Tris ⁄HCl ,10 mM EDTA, pH 9.5. (A) Buffer alone; (B) buffer

containing 300 mM NaClO4; (C) buffer containing 1.5 M NaClO4.

The monomeric fraction of Carcinus aestuarii Hc, eluted under the

same conditions, was used as marker (dotted line in A).

P. monodon hemocyanin structure and function M. Beltramini et al.
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a and b [9]. The two subunits exhibit 96% sequence

similarity, thus the resolved hexamer can be considered

essentially as a homo-hexamer.

The sequence alignment was optimized by clustalw

based on the amino acid position number of Pan.

interruptus Hc subunit a.

The results of the sequence comparison of positions

involved in subunit contacts are shown in Table 1.

Some positions are strictly conserved (columns marked

with C in Table 1), indicating that both the type of

interaction and steric factors of the involved residues

are of crucial importance. Among these are positions

where charged residues are involved (Asp273, Arg295,

Lys360, Asp438, Arg634) as partners in ion–ion or

ion–dipole interactions and positions where hydro-

phobic (Phe256, Pro272), polar (Asn176, His302) and

polar ⁄hydrophobic residues (Tyr155, Tyr304) are

involved. Other positions appear to be mainly con-

trolled by the helicogenicity and low steric hindrance

of the amino acid residue (Gly255, Gly310). Again,

other positions (columns marked with I in Table 1)

show isofunctional substitutions, maintaining either

the charge or the dipole moment (Asp ⁄Glu59,

Arg ⁄Lys64, Gln ⁄Asn,His161) or the hydrophobic char-

acter (Ile ⁄Leu ⁄Val300, Ile ⁄Val443). Of special interest

are ‘sporadic substitutions’, namely substitutions that

occur in one sequence at a position that is otherwise

conserved (column C*) or isofunctional (column I*).

At position 339, all sequences in Table 1 carry a Tyr,

except the sequence of Hc from Pan. interruptus, where

a Phe is found. At position 340, a sporadic substitu-

tion from Tyr to Pro has occurred in the sequence of

Palinurus vulgaris Hc. Furthermore, at position 59 in

this sequence, a positive charge (Lys) is found where in

all other sequences isofunctional-negative charges are

present. In Cancer magister Hc, a polar residue is

found at a position (300) where hydrophobic residues

are usually located.

Based on the sequence alignment, we can single out

positions 159 and 160 where P. vannamei Hc exhibits

peculiar residues compared with the other Hcs. In

position 159, the exchange of Met by Gln in P. vanna-

mei Hc accounts for an H-bond donor group that is

substituted by a hydrophobic residue. Moreover, the

presence of Lys160 instead of Thr introduces a positive

charge competent for an ion–ion interaction. This

observation is, however, controversial. The P. vanna-

mei sequence Q26180, CAA57880, presents Lys160,

meanwhile a ‘variant’ P. vannamei Hc, available online

as Q9NFY6, CAB85965, includes Thr at position 160.

The partial sequence of P. monodon does not cover the

residues between positions 1 and 206, which are mainly

involved in the interactions between subunits. In the T
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following analysis we refer to sequence Q26180,

CAA57880, although the considerations regarding

Lys(Thr)160 need to be confirmed by further sequence

studies within Peneidae.

The sequence positions reported in Table 2 include

amino acids that are involved in tight dimer contact

areas in the hexamer of Panulirus Hc. The correspond-

ing amino acid positions in P. vannamei were identified

based on the assumption that it is a homo-hexamer.

Out of a total of 19 tight dimer contacts and 12 trimer

contacts, we have selected the five positions indicated

in Table 2 because they are occupied by different resi-

dues in Penaeus Hc and might change the interaction

pattern compared with Panulirus Hc. In particular, in

the area 1 of tight dimer contacts, the substitution

of the Tyr155–Met159 pair (in Panulirus Hc) with

Tyr155–Gln159 (in Penaeus Hc) introduces a pair

potentially capable of hydrogen bonding. This situ-

ation is specific for Penaeus Hc, as indicated by com-

parison with the other crustacean Hcs. The same is

true for the substitution of the pair Met159–Asp438

(in Panulirus Hc) with Gln159–Asp438 (in Penaeus

Hc). The substitution of the pair Thr160–Ser(Asp)439

in Panulirus Hc by Lys160–Asp439 strongly stabilizes

Penaeus Hc because it provides an ion–ion bond. In

the other crustacean Hcs, although these positions are

rather variable, such a stabilizing pair does not occur.

The same considerations apply also to the Thr160–

Asp438 pair (in Panulirus and all other Crustacea) that

is Lys160–Asp438 in Penaeus Hc. Furthermore, in

the area II of tight dimers contact, the pair Arg177–

Lys360 is present as Pro177–Lys360, so that a repulsive

electrostatic interaction present in Panulirus is

absent in Penaeus. Interestingly, all crustacean Hc,

with the exception of Can. magister and Callinectes

sapidus, exhibit, in this position, repulsive interactions;

Cancer and Callinectes Hc have the same structural

feature as Penaeus. Finally, a model structural recon-

struction of the Penaeus Hc subunit was made by

modelling the sequence of P. vannamei Hc (SwissProt

and NCBI accession numbers: Q26180, CAA57880,

respectively) on the X-ray crystallographic structure of

Pan. interruptus Hc (pdb 1HCY). In the resulting mod-

elled structure (data not shown), the two amino acids

contributing with stabilizing interactions in Penaeus

Hc (Gln159 and Lys160), which are different in other

crustacean Hcs, are indeed located in the intersubunit

contact area. The same applies also to the Pro177 of

Penaeus Hc (as well as of Cancer and Callinectes),

which does not involve a repulsive interaction with

Lys360, in contrast to most crustacean Hcs where

Lys(Arg)177 is paired with Lys360 (Table 2). The par-

tial sequence available for P. monodon Hc (accession

number AF431737) does not include the region con-

taining residues 159, 160, 177, and therefore cannot be

used in the present study. However, in positions 438

and 439, two Asp residues are found, and in position

360 a Lys, as in P. vannamei Hc.

Oxygen binding

Oxygen-binding curves have been determined both for

the hexameric and dodecameric Hc. The data obtained

for purified hexameric Hc in the pH range 7.0–8.5 are

Table 2. Amino acids involved in the pairwise interactions in areas 1 and 2 of tight contact between dimers, as shown from X-ray crystallo-

graphy of Panulirus interruptus sub. A and multiple alignment (Table 1). Hc, hemocyanin.

Hc species

Areas of tight dimers contact and residues involved

Area 1 Area 2

155 ⁄ 159 159 ⁄ 438 160 ⁄ 439 160 ⁄ 438 177 ⁄ 360

Panulirus interruptus sub A Tyr-Met Met-Asp Thr-Ser Thr-Asp Arg-Lys

Panulirus interruptus sub B Tyr-Met Met-Asp Thr-Ser Thr-Asp Arg-Lys

Panulirus interruptus sub C Tyr-Met Met-Asp Thr-Asp Thr-Asp Pro-Lys

Callinectes sapidus Tyr-Met Met-Asp Thr-Asp Thr-Asp Pro-Lys

Cancer magister Tyr-Met Met-Asp Thr-Asp Thr-Asp Pro-Lys

Palinurus elephas Tyr-Met Met-Asp Thr-Ser Thr-Asp Lys-Lys

Palinurus vulgaris sub 1 Tyr-Met Met-Asp Thr-Ser Thr-Asp Lys-Lys

Palinurus vulgaris sub 3 Tyr-Met Met-Asp Thr-Ser Thr-Asp Lys-Lys

Palinurus vulgaris sub 2 Tyr-Met Met-Asp Thr-Ser Thr-Asp Arg-Lys

Palinurus vulgaris Tyr-Met Met-Asp Thr-Ser Thr-Asp Arg-Lys

Homarus americanus Tyr-Met Met-Asp Thr-Glu Thr-Asp Lys-Lys

Pontastacus leptodactylus Tyr-Met Met-Asp Thr-Asp Lys-Lys

Pacifastacus leniusculus Tyr-Met Met-Asp Thr-Thr Thr-Asp Arg-Lys

Penaeus vannamei Tyr-Gln Gln-Asp Lys-Asp Lys-Asp Pro-Lys
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presented in Fig. 7A. Table 2 reports the affinity for

the first and last oxygen-binding sites, the Hill-coeffi-

cient at half-saturation (h50) as well as the oxygen pres-

sure at half saturation (p50), as determined in the Hill-

Plot. The value of p50 decreases as the pH is increased

from 7.0 to 8.5, indicating a positive Bohr effect. The

Hill coefficient, h50, does not change much as a func-

tion of pH. The results obtained for dodecameric Hc

are presented in Fig. 7B, and the binding parameters

are reported in Table 3. The oxygen affinity is much

higher, and the positive Bohr effect is more pro-

nounced, than found for the hexameric Hc. The Bohr

coefficient Dlog(p50) ⁄ DpH is )0.56 and )1.05 for hexa-

meric and dodecameric Hc, respectively. Again, the h50
value is not strongly affected by pH; in contrast to the

behaviour of the p50, it remains essentially constant.

In order to evaluate, in greater detail, the cooperative

and allosteric mechanism involved in the regulation of

P. monodon Hc, the oxygen-binding data were analysed

based on different concerted models for cooperativity.

As, in all cases reported to date, the oxygen-binding

behaviour of hexameric Hc could well be described

in terms of the simple, two-state MWC model, this

approach was also applied to the data shown in

Fig. 7A. Indeed, oxygen-binding curves obtained at

each pH value could well be described based on the

MWC model when analysed individually for each pH

value. However, in contrast to the expectations for the

MWC model, the binding affinities for the two confor-

mations R and T (Kr and Kt) show a significant

dependence on the pH value, ruling out this model for

the whole pH range (Fig. 8A). Furthermore, the allo-

steric equilibrium constant, lo, exhibits a nonmonoto-

nous behaviour, which has not been reported for any

other species to date (Fig. 8B, grey symbols). Any

attempt to constrain the oxygen-binding constants to a

similar value for all four data sets leads to significant

deviations between fit and data. When the data at

pH 8.5 are excluded from the analysis, the agreement is

much better. However, there are no indications that

pH 8.5 does lead to any destabilization or other pertur-

bation, which may have suggested exclusion of these

data from the analysis.

As the MWC model did not yield a satisfying des-

cription of the full pH-range, a three-state MWC

model was applied to the data. This model is in very

good agreement with the data, and the values for the

oxygen-binding constants are fully in accordance with

a concerted model. The squared residuals (SS)-value

for the constrained MWC model (0.3 £ kr £
0.6 Torr)1, and 0.004 £ kt £ 0.01 Torr)1) was � 0.036,

whereas for the three-state model the SS-value was

� 0.014. Thus, even considering that the degrees of

freedom are somewhat larger for the constrained

MWC, the three-state MWC gives better results.

Fig. 7. Oxygen-binding curves of hexameric (A) and dodecameric

(B) Penaeus monodon hemocyanin (Hc) at pH 7.0 (d), 7.2 (n), 7.3

(s), 7.5 (m), 8.0 (r), or 8.5 (j), in 50 mM Tris ⁄HCl containing either

10 mM EDTA to stabilize the hexamer (A) or 20 mM CaCl2 to stabil-

ize the dodecamer (B). The inset of (B) shows the same curves in

the low oxygen partial pressure range.

Table 3. Oxygen-binding parameters of different oligomeric forms

of Penaeus monodon hemocyanin (Hc) obtained from the Hill-Plot.

The h50 represents the Hill-coefficient at half (50%) saturation.

p50

(Torr) h50

KT · 103

(Torr)1)

KR · 103

(Torr)1)

Hexameric Hc

pH 7.0 51 3.3 3.6 122

pH 7.5 26 2.7 3.3 174

pH 8.0 14 2.9 6.0 289

pH 8.5 7 3.2 21.0 151

Dodecameric Hc

pH 7.0 26 3.7 1.1 110

pH 7.2 23 3.4 7.4 215

pH 7.3 17 4.0 9.3 223

pH 7.5 4 3.4 66.9 524

pH 8.0 3 3.3 46.7 80
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In Fig. 8B, the pH dependence of the two equilibrium

constants, ls and lt, resulting from the three-state

MWC model, are shown. For each pH value, except

pH 8.0, two-binding curves (a, b) were available for

the fit. As the fitting routine allows only 25 parameters

to be optimized simultaneously, the binding curves

were analyzed in two sets (7.0a, 7.5a, 8.0, 8.5a and

7.0b, 7.5b, 8.0, 8.5b), each including either binding

curve a or b for the different pH values. The compar-

ison of the results for the two sets shows a good agree-

ment between all data, as demonstrated by the

agreement of full and empty symbols of Fig. 8B. The

oxygen-binding constants were assumed to be identical

for all pH values in the analysis, and the following val-

ues were obtained: Kt ¼ 0.005 ± 0.001 Torr)1, Ks ¼
0.077 ± 0.005 Torr)1, and Kr ¼ 1.6 ± 0.2 Torr)1.

The binding data obtained for the 12-meric Hc were

analysed based on the nested-MWC model, as this

model delivered a successful description of Hc oligo-

mers larger than hexamers for other species. This

model involves a set of hierarchical interactions that

are exerted within the allosteric hexameric units or

within the dodecamer. Accordingly, each allosteric unit

that is represented by the hexameric Hc aggregate can

adopt two conformations: r and t. At the higher qua-

ternary level, two alternative conformations, R and T,

can exist for the dodecameric Hc as a whole. Thus,

four different conformations can be defined as rR, tR,

rT, and tT owing to the functional coupling between

the two hexameric units within the dodecamer. Each

conformation is characterized by an intrinsic affinity

constant for oxygen (KrR, KtR, KrT, and KtT),

and three allosteric constants can be defined as lR ¼
[tRo] ⁄ [rRo], lT ¼ [tTo] ⁄ [rTo], and L ¼ [To] ⁄ [Ro]. The

analysis was based on the same considerations as for

the pH dependence of the oxygen-binding curves of

the MWC model. The binding function for this model

was fitted to several data sets simultaneously. The oxy-

gen-binding constants were assumed to be the same

for all pH values and optimized simultaneously for all

data sets. Again, initially, data sets obtained at

pH 7.0–7.8 were fitted simultaneously. Then, data sets

obtained at pH 7.18–8.0 were analyzed in the same

way. The agreement between data and fitted values

is very good. The results for both runs yielded values

for corresponding parameters which are the same

within the error range given (Tables 4 and 5). The

simultaneous fit of the curves at the different pH

values reported in Fig. 7B yielded, for the different

oxygen equilibrium constants, the following values:

Fig. 8. Allosteric effect of H+ ions on hexameric Penaeus monodon

hemocyanin (Hc) in 50 mM Tris ⁄HCl containing 10 mM EDTA. (A)

pH dependence of the oxygen-binding constants Kt and Kr resulting

from the analysis based on the MWC model. (B) pH dependence

of the allosteric equilibrium constants as calculated from the MWC

model (lo, grey squares) or from the three-state MWC model (ls, tri-

angles; lt, circles). The empty and filled symbols refer to the two

different data sets, as described in the text.

Fig. 9. Allosteric effect of H+ ions on dodecameric Penaeus mono-

don hemocyanin (Hc). The allosteric equilibrium constants were

obtained by analysis of the data in Fig. 9B based on the nested

MWC model. The allosteric equilibrium constants show a typical

pH dependence (lR, ,; lT, d; L, e; L, j). The values for L at

pH 8.0 (encircled) have a larger absolute error of � 13. The error

bar is omitted to retain the other error bars visible.
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KtR ¼ 0.015 ± 0.002 Torr)1, KrR ¼ 0.28 ± 0.05 Torr)1,

KrT ¼ 3 ± 2 Torr)1, and KtT £ 0001 Torr)1. The pH

dependence of the three allosteric equilibrium con-

stants is shown in Fig. 9.

Discussion

Arthropod Hcs represent a family of proteins where

the quaternary organization of the oligomers originates

from hexameric building blocks. Most of the interest

in structure–function studies of Hcs is now focused on

the importance of the oligomeric organization for the

oxygen-binding properties, with the ultimate goal being

to understand their role in the adaptative strategies of

arthropods.

It has been shown, in reassociation experiments, that

the presence of different subunit types is essential in

order to obtain quaternary structures larger than hexa-

mers, and that different quaternary structures exhibit

different cooperative and allosteric properties

[18,41,42]. Furthermore, the different subunit types

also play a role in the homotropic and heterotropic

interactions. As an example, we have shown that the

homo-hexamers obtained by reassociating a single sub-

unit of king crab (Paralithodes camtschaticae) Hc have

much lower oxygen affinity than the native hexamer or

with hexamers obtained by reassociating a pool of sub-

units [19]. Several in vivo experiments have demonstra-

ted that environmental stimuli affect the expression of

certain subunits of Cal. sapidus Hc, hence affecting the

oxygen affinity of the circulating oligomer [41]. In the

case of Astacus astacus, the dodecamer ⁄hexamer ratio

is shifted by adaptation to different temperatures [42].

This structural and functional plasticity is believed to

play an important role in the physiological adaptation

of crabs to environmental changes [23].

The hemolymph of the tiger shrimp, P. monodon,

contains a predominant Hc component with a hexa-

meric aggregation state, which is homogeneous both in

electrophoresis and ion-exchange chromatography.

Further components can be identified as dodecameric,

and traces of 4 · 6-meric molecules have been found

on the basis of the gel filtration ⁄ light scattering experi-

ments. It is worth noting that only these low concen-

tration aggregates are heterogeneous, as deduced from

PAGE and ion-exchange chromatography. An unusu-

ally high stability has been reported for Hc from

P. setiferus, for which dissociation of the protein was

observed only in concomitance with the loss of oxy-

gen-binding properties, thus under denaturing condi-

tions [43]. Our study of Hc from P. monodon revealed

a very similar behaviour. The oxygen-binding ability,

measured as A340 ⁄A280, remained unaltered up to

300 mm salt of chaotropic Hofmeister’s series. A fur-

ther increase of salt concentration leads to a decrease

of the oxygenation level together with a red shift of

the intrinsic tryptophan fluorescence emission maxi-

mum. Such effects are fully compatible with a concom-

itant oxygen dissociation and denaturation of Hc. The

sigmoidal plot of A340 ⁄A280 vs. salt concentration can

be interpreted in terms of a conformational transition

between a native oligomeric state and an unfolded

state, following a model previously applied to the Hc

Table 4. Oxygen-binding parameters of hexameric Penaeus mono-

don hemocyanin (Hc) obtained from the analysis based on the

3-State MWC model.

Hexameric Hc log lT log lS –

pH 7.0 11.4 ± 0.4 7.7 ± 0.3 –

pH 7.5 10.2 ± 0.4 7.6 ± 0.3 –

pH 8.0 8.1 ± 0.4 6.6 ± 0.3 –

pH 8.5 6.3 ± 0.3 5.7 ± 0.3 –

Fig. 10. Oxygen-binding curves of dodecameric and hexameric Pen-

aeus monodon hemocyanin (Hc) (data from Fig. 9, pH 8.0 and

pH 7.5) with the oxygen partial pressures of pre- and postbranchial

hemolymph, expected in the case of normoxia, indicated: these val-

ues for the oxygen partial pressure are given as ranges, as found in

the literature [53] for a number of different species. Based on these

average values no clear distinction between hypoxic and normoxic

values can be made and thus only the normoxic values are given.

Table 5. Oxygen-binding parameters of dodecameric Penaeus mono-

don hemocyanin (Hc) obtained from the analysis based on the nes-

ted-MWC model.

Dodecameric Hc log lT log lR log L

pH 7.0 11.8 ± 2.1 5.0 ± 0.7 1.0 ± 0.2

pH 7.2 11.2 ± 2.0 4.7 ± 0.7 0.2 ± 0.2

pH 7.3 10.5 ± 1.5 4.1 ± 0.6 0.2 ± 0.2

pH 7.5 6.5 ± 1.2 1.3 ± 0.5 )1 ± 13

pH 8.0 6.5 ± 1.1 0.8 ± 0.4 0.6 ± 0.2
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of the brachiuran crab Car. aestuarii [44,45]. In line

with this interpretation are the gel-filtration experi-

ments in the presence of Hofmeister’s salts in which,

under conditions that do not modify the A340 ⁄A280

ratio, the elution pattern does not change compared

with the nondissociating conditions. At the higher salt

concentration, under denaturing conditions, a peak

corresponding to monomeric Hc is observed; however,

the elution profile is complicated by a broadening to

the high-molecular-weight region, suggesting the for-

mation of aggregated ‘misfit’ material that includes

unfolded molecules. Thus, it seems that for P. mono-

don, Hc dissociation of the oligomers can be achieved

only under denaturating conditions. Therefore, a study

on the oxygen-binding properties of isolated monomer

or reassociated homo- or hetero-hexamers (as carried

out with other brachiuran crab Hcs [19,34]) is preclu-

ded. A very low sensitivity towards removal of Ca2+

and high pH has also been found for Hc from P. semi-

sculatus and P. japonicus (M. Beltramini, unpublished

work). These observations suggest that investigations

should be carried out for characteristic changes in the

amino acid sequence in Penaeus Hc, which might

account for the high stability of this species.

A possible approach to rationalize the high stability

of Penaeus Hc is to carry out an analysis of the amino

acid substitutions in Penaeus Hc, in comparison to less

stable Hcs, and to interpret the results based on

known X-ray structures. For this purpose, the

sequence of P. vannamei Hc was used, because, to

date, that of P. monodon has not been fully deter-

mined. This sequence was compared to sequences of

other Hcs that all dissociate under typical dissociating

conditions. Among those residues that may be

involved in intersubunit interactions within hexamers,

only a few are substituted in Hc from P. vannamei,

possibly leading to the increased stability found in the

other Penaeus Hcs: the 159Gln)438Asp and

159Gln)155Tyr H-bonds, together with the absence of

repulsive interaction 177Pro · 360Lys (Table 2). These

structural features appear to be characteristic signa-

tures of P. vannamei Hc because they are not present

in other crustacean Hcs (Table 2). The 160Lys)438Asp

and 160Lys)439Asp ion–ion interactions need to be

confirmed by further sequence studies within the

peneid Hcs, as pointed out above. As peneid shrimps

represent the ancestral branch of all Decapoda, it

seems that during evolution the ability to form very

stable aggregates was lost in other Crustacea owing to

the above-mentioned substitutions. The other positions

involved in interhexameric interactions remained func-

tionally unchanged, guaranteeing the formation of the

oligomeric structure under appropriate conditions. On

these positions, a selective pressure has been exerted

because, in order to establish cooperativity in oxygen

binding, oligomerization is necessary. These positions

can be identified by the strict conservation of the

chemical features of amino acids listed in Table 1, C

or I, and, to some extent, also I* and C*. The lower

stability of Hc from nonpeneid Crustacea yields a

structure where divalent ions (such as Ca2+ and Mg2+)

and pH regulate the oligomerization state. It

seems that the high stability is more crucial for

Penaeus Hc than the possibility of additional means of

regulation.

The sequence alignment shows that a number of

positions, likely to be involved in subunit interactions,

are functionally conserved. The alignment is based on

different subunit types that are not likely to occupy all

the same positions within a hexamer. Thus, for a dis-

cussion of these interactions, a homo-hexamer yields

the same results as any hetero-hexamer. With respect

to those residues, which are changed in the sequence

of Hc from P. vannamei in comparison to the other

Hcs, it cannot be excluded that part of the identified

changes are subunit-type specific. They could be spor-

adic substitutions, similarly to those identified in the

comparison of the other Hcs. However, the sporadic

substitutions, as discussed, occur only at one position,

whereas for Hc from P. vannamei several changes are

found. Thus, it is probable, albeit not proven, that

these changes are specific for the genus Penaeus.

Does this particular stability of P. monodon Hc have

some special consequence for its functional properties?

In contrast to other hexameric Hcs [19,26,34,46], the

oxygen-binding data for the hexameric P. monodon Hc

cannot be described using the simple MWC model.

This is based on the following considerations: when

applying concerted models for cooperativity, it is

assumed that certain conformations exist that are char-

acterized by their affinity for ligands (here oxygen) and

effector (here protons). Thus, changing the pH should

not have an effect on the values for the oxygen-binding

constants for the conformations R and T, as postula-

ted for the MWC model. However, the analysis

showed a remarked pH dependence when analyzed

without any constraints. Furthermore, the allosteric

equilibrium constants exhibit a nonmonotonous

dependence on pH. From a theoretical point of view

this is possible, but has not been observed, to date, for

any Hc. We tried to constrain the values for the oxy-

gen-binding constants, forcing them to be similar for

all pH values. However, this always led to increasing

sums of squared residuals (SS). An analysis including

a third conformation, yielding a three-state MWC

model, gave much better results, similarly to the model
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including a symmetrical hybrid state, R3T3, that has

been postulated for P. setiferus Hc [43]. A three-state

MWC model was also used for Hcs larger than hexa-

meric Hc [47,48].

The dodecameric Hc of P. monodon can be analyzed

based on the nested MWC model, similarly to a number

of other 12- or 24-meric Hcs [49]. Furthermore, the val-

ues for the allosteric equilibrium constants show the

same type of pH-dependence as seen with other Hcs,

where the nested-MWC model is applicable [30]: L (as

calculated from L, lT and lR) does depend only weakly

on pH, whereas lT and lR exhibit a significant pH-

dependence. The values for the oxygen-binding con-

stants also show the typical pattern ktT < ktR <

krR < krT. The dodecamer of P. monodon Hc exhibits a

somewhat stronger Bohr effect [Dlog(p50) ⁄ DpH ¼
)1.05], than the hexameric form of the same species

()0.56) or the hexamer from other Hcs isolated from

crustaceans living under normoxic conditions: values of

)0.70, )0.83, )0.57, and )0.68 have been measured for

Can. pagurus, Car. maenas [50,51] Par. camtschaticae

[19] and Car. aestuarii [34], respectively. In contrast,

crustaceans living under hypoxic conditions, such as the

deep-sea hydrothermal vent crab, have a Hc with a large

Bohr-effect of )1.80 [52]. For Hc from P. monodon, at

each pH value the mean oxygen affinity, p50, of the

hexamer is lower than that of the dodecamer. In

contrast, for the Hc from Ast. astacus, the hexamer

exhibits a higher oxygen affinity [41]. Similarly, the

affinity of Hc from Eurypelma californicum decreases

with increasing oligomerization state [27]. In P. mono-

don Hc, this higher aggregate form represents only a

minor part of total Hc, thus most of the oxygen trans-

port ⁄delivery is exerted by the hexameric Hc whose

Bohr effect is comparable with that of crustaceans adap-

ted to normoxic waters. Figure 10 shows oxygen-bind-

ing curves of dodecameric and hexameric P. monodon

Hc with indications of the oxygen partial pressures of

pre- and postbranchial hemolymph expected in the case

of normoxia. The shaded areas are deduced from values

reported for a number of Hcs [53]. P. monodon is adap-

ted to water conditions where the temperature does

not change markedly. Thus, the oxygen solubility is not

externally altered, the availability of oxygen does not

exert a selective pressure, and the hexameric form with

its lower overall affinity is sufficient to ensure full oxy-

genation. Furthermore, it seems that the 12-meric

species is deoxygenated only minimally under typical

conditions. However, as no species-specific information

about post- and prebranchial oxygen concentrations are

available for P. monodon, situations might exist where

the properties of the dodecameric form are important.

It is possible that the relative dodecamer-to-hexamer

concentration ratio is controlled by environmental con-

ditions (i.e. temperature, or oxygen partial pressure).

In summary, hexameric Hc from P. monodon, which

is dominant in the hemolymph, differs from other

crustacean Hcs in the following aspects: (a) it is very

stable towards the removal of divalent ions and

increase in pH; and (b) its oxygen-binding properties

cannot be described by a simple two-state MWC

model, in contrast to all other hexameric forms des-

cribed to date. Furthermore, the hexameric Hc exhibits

a higher stability and lower oxygen affinity than the

dodecameric oligomer, while usually the higher aggre-

gated forms are more stable and have a lower affinity.

The emerging picture therefore is as follows: interac-

tion levels above the simple two-state MWC model are

apparently evolved also in P. monodon to ensure a fine

tuning of the allosteric behaviour involving effectors

(H+) and ligand (O2). Given that the hexameric mole-

cule is the dominant aggregation state in this species, it

seems plausible that the plasticity of the molecule is

enhanced by creating a third conformation in order to

allow for this fine tuning. However, it remains unclear

why the dodecamers did not evolve as the prevailing

species, as demonstrated in other Crustacea where

more than one aggregation state of Hc was found.

Experimental procedures

Isolation and purification of Hc

P. monodon Hc was isolated from the hemolymph obtained

from living specimens, kindly provided by the aquaculture

plant ‘Biotopo Bonello’ (ESAV, Porto Tolle (RO), Italy).

The hemolymph was collected via a syringe injected in the

dorsal lacuna. Typically, a volume of � 1–2 mL of hemo-

lymph was collected from 20–35 g of specimens. In order to

limit hemolymph clotting, 100–200 lL of a buffered 1%

(w ⁄ v) sodium citrate solution in 50 mm Tris ⁄HCl, pH 7.5,

was injected before collecting the sample. For small individu-

als, an alternative procedure for bleeding was preferred: the

exoskeleton and muscles in the intersegmental regions were

cut and the hemolymph was obtained by gentle squeezing.

The extracted material was filtered through gauze and the

hemolymph was adjusted to 50 mm in NaH2PO4. The solu-

tion was then dialysed overnight against 50 mm Tris ⁄HCl,

20 mm CaCl2, pH 7.5. The precipitation of calcium phos-

phate in the hemolymph solution results in the adsorption of

lipids and carotenoids that are removed by centrifugation

at 23 700 g, 4 �C, 20 min in a Beckman centrifuge (model.

J2-21). The supernatant solution was dialysed against 50 mm

Tris ⁄HCl, 20 mm CaCl2, pH 7.5, centrifuged (as described

above) to eliminate possible precipitates, and sedimented in a

Beckman centrifuge (model XL-70, rotor 7Oti, 4 �C) at

295 807 g for 4 h. The pellet was redissolved in 50 mm
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Tris ⁄HCl, 20 mm CaCl2, pH 7.5 and sedimented again.

Finally, Hc was resuspended in this buffer, and 20% (w ⁄ v)
sucrose was added to the solution, which was then stored at

)20 �C until used.

The protein concentration was determined spectrophoto-

metrically using an extinction coefficient of 74 100 ±

2000 m
)1Æcm)1 at 278 nm based on the monomer concen-

tration. This value was established by correlating the

absorbance at this wavelength with the copper content of

the solution determined either by atomic absorption spectr-

oscopy (Perkin-Elmer Analyst 100 spectrometer), using the

internal standard method [54], or the colorimetric assay,

using 2,2¢ biquinoline [55], with addition of excess hydrox-

ylamine to reduce copper.

The content of oxy-Hc in the protein samples was deter-

mined by measuring the absorbance ratio, A340 ⁄A278, and

considering the value of 0.21 for a solution containing

100% oxy-Hc. Fluorescence spectra were recorded on a

Perkin-Elmer (Wellesley, MA, USA) LS50 spectrofluori-

meter upon excitation at 294 nm.

Characterization of aggregation states and

oligomer heterogeneity

If not otherwise indicated, all experiments were carried out

after at least 12 h of incubation of Hc against the desired buf-

fer. Gel-filtration chromatography was carried out with a

Pharmacia (Uppsala, Sweden) FPLC equipped with a Supe-

rose 6H 10 ⁄ 30 analytical column or with a HighLoad 26 ⁄60
Superdex 200 or a Fractogel XK 26 ⁄100 preparative grade col-
umn. Dodecameric, hexameric and monomeric Hc from

Car. aestuarii [34] were used to calibrate the column. The col-

umns were equilibrated with 50 mm Tris ⁄HCl, pH 7.5, con-

taining either 20 mm CaCl2 or 10 mm EDTA to stabilize either

the dodecameric or the monomeric structure, respectively.

Molecular mass determinations were carried out by light

scattering analysis of the material eluted through a gel fil-

tration column (Superose 6HR 10 ⁄ 30 analytical column;

Pharmacia). The experiments were performed with a

DAWN DSP photometer (Wyatt Technology, Santa Bar-

bara, CA, USA; k ¼ 632.8 nm) equipped with an HPLC

HP 1100 pump (Hewlett Packard, Palo Alto, CA, USA).

The molecular mass was calculated using the astra soft-

ware, employing the Rayleigh ratio:

Rh ¼ ½2p2n20ðdn=dcÞ
2=Ak4� �M � C ¼ K �M � C

where n0 is the refraction index of the buffer (1.332), dn ⁄ dc
the change of refraction index of the buffer owing to the

presence of Hc (0.17 as a typical value for proteins), A is

Avogadro’s number, k is the laser wavelength, M the

molecular mass and C the protein concentration.

Dissociating conditions involved 50 mm Tris ⁄HCl,

10 mm EDTA, pH > 8.5. The protein was dialyzed

against the appropriate buffer at 4 �C for 12 h prior to

chromatographic analysis.

Ion exchange chromatography was carried out with a

MonoQ HR 5 ⁄ 5 using a 0–1.0 m NaCl gradient.

Native PAGE was carried out using a Mod. VP80 Electro-

for vertical slab gel apparatus at pH 7.5. Car. aestuarii [34]

or E. californicum Hc [56,57] were used as references.

SDS ⁄PAGE was carried out according to Fling & Gregerson

[58].

Gel filtration experiments, using a Superose 6H 30 ⁄ 10 col-

umn, were carried out at different concentrations of NaSCN

or NaClO4. Prior to chromatography, Hc (� 1 mL) was dia-

lysed against 100 mL of the desired buffer for 12 h.

Oxygen-binding measurements

The oxygen binding to P. monodon Hc has been studied

using two methods. The first is the tonometric method, as

described in Molon et al. [19], and is based on the spec-

trophotometric determination of the intensity of the

340 nm absorption band caused by the peroxide-to-Cu(II)

charge transfer transition. The second is the fluorimetric-

polarographic method based on the difference in intrinsic

tryptophan fluorescence quantum yield between deoxy-

and oxy-Hc and on the direct determination of oxygen

concentration by means of a Clark electrode [59,60]. With

both approaches the fractional saturation of Hc (h) was

determined as described in Molon et al. [19].

Sequence data and multiple alignment

The SwissProt and NCBI accession numbers for the com-

plete amino acid sequences of 15 crustacean Hcs are presen-

ted in the legend to Table 1. For the analysis of Hc

primary structures, the tools provided by the ExPASy

Molecular Biology Server of the Swiss Institute of Bioinfor-

matics (http://www.expasy.ch) were used. A multiple align-

ment was carried out with clustalw, and the result was

controlled considering the two conservative binding-site

regions, according to Burmester [13]. From these align-

ments we were able to compare the amino acids in the posi-

tions involved in the interaction areas between monomers,

which are responsible for the stability of hexameric form

[9]. The amino acid positions are numbered following the

sequence of Panulirus Hc subunit a throughout.

Analysis of oxygen-binding curves

MWC model

The oxygen-binding curves of hexameric Hc from P. mono-

don were analysed according to the MWC model using the

following binding polynomial:

Pmwc ¼ ðlþ KrxÞn þ loðlþ KtxÞn ¼ Pn
r þ loP

n
t ð1Þ

Thus, the molecule can adopt two different conformations

(t and r) that are characterized by binding constants Kt

and Kr. The size of the allosteric unit is n. The allosteric
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equilibrium constant, lo, describes the ratio of conforma-

tions r and t in the absence of ligand:

lo ¼ ½t0�
½r0�

Three-state MWC model

An extension of the simple two-state MWC model is a ver-

sion where a third conformation available for the allosteric

unit is introduced. This three-state MWC model is charac-

terized by the following binding polynomial:

P3�state¼ðlþKrxÞnþ ltðlþKtxÞnþ lsðlþKsxÞn¼Pnr þ ltP
n
t þ lSP

n
S

ð2Þ
Here, the allosteric equilibrium constants again refer to the

unligated states of the conformations available and are

defined by:

lt ¼
½t0�
½r0�

ls ¼
½s0�
½r0�

Nested MWC model

For analysis of the 12-meric Hc, the nested MWC model

[30] was applied in the following form [61]:

Pnest ¼ P2R þ KP2
T ¼ ðP6

rR þ lRP
6
tRÞ

2 þ KðP6rT þ lTP
6
tTÞ

2

K ¼ L
ð1þ lRÞ2

ð1þ lTÞ2

Pab ¼ 1þ Kabx

ab ¼ rR; tR; rT; tT

In this model, a number of six subunits form an allos-

teric unit according to the MWC model, and can adopt

two basic conformations (r and t). However, when these al-

losteric units again assemble to a larger structure,

consisting of two copies of the hexameric allosteric units,

additional constraints are imposed on the conformations.

The 2 · 6 structure can again be considered as a (large) al-

losteric unit, which can adopt two conformations (R and

T). When the 2 · 6-mer is in the R-state, the nested 6-meric

allosteric units can adopt the two conformations rR and

tR. When the 2 · 6-mer is in the T-state, two other confor-

mations (rT and tT) are available. Thus, the conformation

of the 2 · 6-mer defines the conformation of the nested

6-mers in a hierarchical manner. The equilibrium between

unliganded Ro and To states is given by L ¼ [To] ⁄ [Ro]. The

allosteric equilibrium constants, lR and lT, correspond to

lR ¼ [tRo] ⁄ [rRo] and lT ¼ [tTo] ⁄ [rTo]. The allosteric equilib-

rium constants optimized in the analysis were lR, lT and L.
The value for L can then be calculated based on Eqn (3).

The oxygen-saturation curve Q is obtained from the bind-

ing polynomial as

H ¼ @ ln P

n@ ln x
ð3Þ

where x is the oxygen partial pressure and n the size of the

largest allosteric unit.

For each of the possible models, the resulting equations

for the degree of saturation Q in dependence on the oxygen

partial pressure were fitted to the data. In order to allow

for slight deviations in the initial (fo) and final (f) ampli-

tude, the binding data were analyzed employing the follow-

ing equation:

hobserved ¼ ðf � foÞhþ fo: ð4Þ

The fitting routine was based on a nonlinear regression

analysis (Levenberg–Marquardt routine) incorporated into

the program sigma plot (SPSS, Chicago, IL, USA).
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