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Summary

We investigated divalent cation and anaerobic end-
product concentrations and the interactive effects of these
substances and pH on haemocyanin oxygen-binding (Hc-
Oy) in the New Zealand abaloneHaliotis iris. During 24 h
of environmental hypoxia (emersion), p-lactate and
tauropine accumulated in the foot and shell adductor
muscles and in the haemolymph of the aorta, the pedal
sinus and adductor muscle lacunae, whereaslactate was
not detected. Intramuscular and haemolymphb-lactate
concentrations were similar, but tauropine accumulated
to much higher levels in muscle tissues. Repeated
disturbance and short-term exposure to air over 3h
induced no accumulation ofb- or L-lactate and no change
in [Ca?Y, [Mg?2*], pH and Og-binding properties of the

Mg?2* and C&* restored the native Q-binding properties
and the reverse Bohr shift. .- and bp-lactate exerted
minor modulatory effects on -affinity. At in vivo
concentrations of Mg* and Ca&*, the cooperativity is
dependent largely on Mg*, which modulates the Q
association equilibrium constants of both the high-affinity
(Kr) and the low-affinity (Kt) states (increasing and
decreasing, respectively). This allosteric mechanism
contrasts with that encountered in other haemocyanins
and haemoglobins. The functional properties ofH. iris
haemocyanin suggest that high rates of £delivery to the
tissues are not a priority but are consistent with the
provision of a large & reserve for facultatively anaerobic
tissues during internal hypoxia associated with clamping

native haemolymph. to the substratum.
The haemolymph showed a low Hc-@affinity, a large

reverse Bohr effect and marked cooperativity. Dialysis

increased Hc-Q affinity, obliterated cooperativity and

decreased the pH-sensitivity of @ binding. Replacing

Key words: gastropod, mollusElaliotis iris, haemocyanin, oxygen-
binding, Bohr effect, ionic effector, association constant, calcium,
magnesium, lactate, tauropine.

Introduction

The New Zealand blackfoot abalonElafiotis iris; also As in other gastropods, the Hcldéliotis exists primarily as
known by the Maori name, paua) belongs to an ancierd didecamer of approximately 8 MDa with a hollow cylindrical
morphologically conservative group, the Archaeogastropodquaternary structure, comprising 20 subunits of approximately
(Andrews, 1988). Blood concentrations of the oxygen400kDa each, arranged as two end-to-end ring-shaped
transporting protein haemocyanin (Hc) show remarkably higklecamers. However, variable proportions of decamers and
individual variability inHaliotis species (Pilson, 1965; Ainslie, multidecamers are also present (van Holde and Miller, 1995;
1980a) (H. H. Taylor and J. E. Taylor, unpublished dat&ifor Sohngen et al., 1997; Harris et al., 2000). Each subunit is folded
iris). Nevertheless, oxygen-binding studies suggest that thato eight functional units of approximately 50kDa (Ellerton
pigment plays a quantitatively important role, transportingand Lankovsky, 1983; Ellerton et al., 1983; Keller et al., 1999),
more than 80% of the LOdelivered to the tissues (Ainslie, each reversibly binding onex@olecule at a binuclear copper
1980b). Ultrastructural, immunocytochemical and cDNAsite (van Holde and Miller, 1995). tuberculataHc exists in
hybridisation studies strongly implicate rhogocytes (pordwo isoforms (HtH1 and HtH2) (Keller et al., 1999; Lieb et al.,
cells), located in connective tissues of the mantle, digestivé999, 2000; Harris et al., 2000; Meissner et al., 2000), which
gland and foot, as the site of Hc biosynthesisl@tiotis spp.  correspond immunologically to the much-studied KLH1 and
and other gastropods (Sminia and Boer, 1973; Sminia arLH2 isoforms of another archaeogastropod, the keyhole
Vlugt van Dalen, 1977; Hazprunar, 1996; Taylor and Anstisdjmpet Megathuria crenulat{Gebauer et al., 1994; Séhngen et
1999; Albrecht et al., 2001). al., 1997). Considerable progress has been made in elucidating
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the structure and sequence of molluscan Hcs and their genshrimp Callianassa californiensisMg?* increases @affinity
including those ofH. tuberculata and the evolutionary by increasing bottKr and Kt, exerting a more pronounced
implications of these studies are currently of great interest (e.gffect on the latter (Miller and van Holde, 1974).
Gebauer et al., 1994; Cuff et al., 1998; Keller et al., 1999; In this paper, we report changes in the composition of the
Meissner et al., 2000; Decker and Terwilliger, 2000; Lieb et alarterial, venous and intramuscular haemolymphHofiris
2001; Van Holde et al., 2001). during environmental hypoxia associated with prolonged
The Hcs of marine gastropods, includiktgliotis spp., emersion and modest functional hypoxia associated with
commonly exhibit a pronounced reverse Bohr shiftdffinity repeated disturbance. To elucidate further the respiratory
increases with falling pH) in the physiological pH range (Brixfunction of H. iris Hc and the underlying allosteric
et al., 1979, 1990; Ainslie, 1980b; Petrovich et al., 1990; Wellsnechanisms, we measured the effects of divalent cations and
et al.,, 1998). A specific adaptive advantage of the reverseaif lactate in relation to the Bohr shift and cooperativity.
Bohr shift has been proposed in relation to salinity acclimation
(Buccinum undatun (Brix and Lomholt, 1981) and to
dormancy OQOtala lacted (Barnhart, 1986), but it is unclear
what factors led to the appearance of this property in early Animals
gastropods. In the highly aerated sea water inhabited by theseMale and female specimens dfaliotis iris Gmelin
animals, the shift would tend to compromise bothldading  (approximately 200-400¢g including shell) were collected
at the body surface and unloading in the tissues. Intriguinghground Akaroa and Lyttelton Harbours, Banks Peninsula, New
the reverse Bohr effect is present in shelled snails but not iBealand, maintained in a recirculated seawater system at 15 °C,
other gastropods, and Redmond (1968) hypothesised thatoibh a 12h:12h photoperiod, and fed with commercial abalone
may be related to internal conditions during their defensivéood (AbFeed, Sea Plant Production Ltd, South Africa).
withdrawal into the shell. As yet, such conditions have beeAnimals were acclimated to the system for at least 1 week and
poorly documented. Iidaliotis spp., withdrawal consists of deprived of food for 2—3 days before experiments.
clamping to the substratum by contraction of the massive right
adductor muscle of the shell. Both the adductor muscle and thEffects of emersion (environmental hypoxia) on haemolymph
large foot muscle are facultatively anaerobic tissues, and and muscle metabolite levels
during functional and environmental hypoxia they accumulate Two series of 14 animals were cannulated for sampling of
p-lactate and the uncommon opine tauropine (Gade, 1988jther the aortic haemolymph or the interstitial haemolymph
Baldwin et al., 1992; Wells and Baldwin, 199B5)Lactate is from the lacunae of the main (right) adductor muscle and
an important modulator of oxygen binding to crustacean Heransferred to 11 containers supplied with flowing sea water
(Truchot, 1980; Bridges et al., 1984; Morris and Bridges, 1986rom the recirculated system. After 24 h, one series (control)
Lallier and Truchot, 1989), but it is not known whether lactatevas left undisturbed and the other series (emersed) was drained
or tauropine plays a role in oxygen deliveryHaliotis spp.  of water without disturbing the animals. After a further 24 h,
Indeed, it is unclear whether these products enter theaemolymph samples (1 ml) were removed from the aortic
haemolymph or are retained intracellularly. cannula and from the pedal sinus (using a 23 gauge needle and
Besides pH effects, inorganic ions andQ@ay modulate syringe, accessed from the ventral surface of the foot in the
the Hc-Q affinity and cooperativity of @binding (expressed, anterior midline), followed quickly by foot and adductor
respectively, as the half-saturation, @ension, Psp, and  muscle samples (0.5-1.0g), from both groups. Haemolymph
Hill's cooperativity coefficient,nsg), often in a temperature- samples were treated immediately with 0.1 ml (1:10 v:v) of ice-
dependent manner (Spoek et al., 1964, Mangum ancbld 6molt! perchloric acid (PCA) and centrifuged at
Lykkeboe, 1979; Brix et al., 1990; Mikkelsen and Weber,13000g for 5min; the supernatant was frozen and stored until
1992; Wells et al, 1998). However, compared withassayed for lactate and tauropine.
haemoglobins (Hbs), much less is known about the allosteric Muscle tissue samples were immediately freeze-clamped in
control of @ affinity of Hcs, and such information is liquid nitrogen and stored under liquid nitrogen until
unavailable for Hcs that show a reverse Bohr shift. Irprocessed. Aortic cannulae, placed through a window in the
vertebrate Hbs, anionic organic phosphates and protons lowghell, consisted of a short length of 23-gauge needle attached
O affinity by decreasing the association equilibrium to several centimetres of plugged PE tubing. Adductor muscle
constant of the Hb in the low-affinity, tense std€e)((Tyuma  haemolymph was aspirated from fluid which accumulated in a
etal., 1971, 1973; Weber et al., 1987). In contrast, in the giamtell (5 mm diameter and 10 mm deep) acces$zd glass tube
extracellular Hbs of annelids, inorganic cations and protonglued into a hole in the shell drilled through the centre of the
modulate the @ association equilibrium constant of the muscle insertion (N. L. C. Ragg and H. H. Taylor, unpublished
high-affinity, relaxed stateKg) (Weber, 1981), and in the method). The well was cleared 1h before -collection
extracellular Hb of the pulmonate snBibmphalaria glabrata commenced and, in some cases, gentle suction was applied to
protons bind preferentially to the oxygenated Hb, decreasingbtain sufficient sample.
KR, whereas cations bind preferentially to the deoxygenated Thirteen animals in each series were sampled for both foot
Hb, increasind<t (Bugge and Weber, 1999). In the Hc of theand adductor muscle tissues. Six of these in each series were

Materials and methods
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also matched with adductor muscle haemolymph samples. Sieutralized deproteinized haemolymph samples {106
animals in each series were sampled for both aortic and pedsimple plus 200l of ice-cold 1moltl PCA and 67l of
blood, of which five were matched with simultaneous muscl@ mol1 KOH) using a test kit (Boehringer Mannheim no.
tissue samples. 1 112 821). The pH of the glycyl-glycine buffer was reduced
from 10 to 9, and Ommot} EDTA was added to reduce
Effects of handling disturbance on haemolymph compositionnterference by trace metals, as above (Engel and Jones, 1978).
and oxygen binding After centrifugation, 20Ql sub-samples of the supernatants
Two series of seven animals (control, disturbed) werevere used in the assay. All determinations were made in
acclimated as above (without cannulation). Control animalduplicate, and appropriate controls were run for non-specific
were removed from their containers once to quickly take activity. The detection limit for lactate and tauropine in blood
single blood sample (4-5ml) from the cephalic arterial sinuand tissue samples was approximately 0.1 mrhol |
(CAS; accessed anteriorly at the angle between the foot andPo, was measured using a Clarke-type @lectrode
the head), blotted dry and weighed. Disturbed animals wergnodel 1302, Strathkelvin) housed in a microcell (MC100),
blotted and weighed (involving 2-3min of handling and airthermostatted at 15°C and calibrated using room air and
exposure) at 30min intervals, with a final blood samplingsodium sulphite solution (for zerBo,). pH was measured
(4-5ml) from the CAS at 3h. Individual samples wereusing a flat-tipped pH electrode (Activon AEP332) in a
centrifuged, a small sub-sample was removed for lactatgpecially constructed thermostatted microcell calibrated with
determination and to measure Hc absorbance at 346 nm, aB®H Colorkey Buffers. Measurements were performed within
the remainder was frozen at —80 °C and air-freighted on dry ic2min of sampling.
to Denmark for @-binding studies. For both groups, a second In vivo concentrations of G4 and Mg* were assayed on
blood sample (0.5-1.0 ml) was taken from the CAStgrand  individual blood samples, diluted 20-fold, using ICP emission

pH determination. spectrometry (Perkin-Elmer).
Measurements of Hc concentration, fdp, and O2-binding measurements of native haemolymph
concentrations ob- andL-lactate, tauropine, C& and M¢* Samples of 130l of haemolymph from individual animals

Haemocyanin  concentrations were estimated fronwere stored at —80°C and freshly thawed. Samples with
absorbances at 346nm (Uvikon 860 spectrophotometer) ofirying pH were prepared by adding 1 méBis-Tris buffers
fresh, centrifuged haemolymph diluted 10-fold in aeratedo a final buffer concentration of 0.1 motl Oz equilibria of
buffer (glycine 50 mmoH., EDTA 10 mmolt1, pH8.8). These 4-6ul haemolymph samples were recorded using a modified
values were converted to mmolHcO, functional units using  gas diffusion chamber fed by cascaded Wosthoff gas-mixing
a practical extinction coefficienEfm,1cnri=11.42+0.17, mean pumps (Bochum, Germany) that produce stepwise increases in
+ s.e.M., N=90), uncorrected for residual scattering, derivedO, tension by mixing air with ultrapure (>99.998 %), N
from copper analysis (H. H. Taylor, J. W. Behrens and N(Weber, 1981; Weber et al., 1987) while absorbance was
Fawzi, unpublished data). recorded continuously. Measurements of pH were carried out

D- and L-lactate and tauropine concentrations in thein parallel on 10@l sub-samples using a BMS 2 Mk 2
haemolymph and muscle samples were measuredicroelectrode coupled to a PHM 64 Research pH meter
enzymatically. PCA-treated hemolymph samples were thawe@Radiometer, Copenhagen). All measurements were carried out
and assayed directly. Approximately 0.5g of the freezeat 15°C. For each £binding curve, at least four equilibrium
clamped muscle tissue was weighed, crushed under liqusteps between 20 and 80 % saturation were recorded®sand
nitrogen, then homogenised in 5ml of 0.6 M&IPCA. The andnsgvalues were interpolated from Hill plots {Idg{1-S)]
PCA extracts were centrifuged as above, and the supernatamessuslogPo,, whereSis the fractional @saturation and is
were neutralised with 5mof} KoCOs. After standing on ice the G tension}.
for 1 h, the precipitated potassium perchlorate was removed by
centrifugation, and the supernatants were stored frozen untfffects of C&", Mg?*, p-lactate and -lactate on @ binding
assayed for lactate and tauropine. Metabolites were assayedJnused fractions of native haemolymph samples taken from
spectrophotometrically following modification of the methodsthe 14 animals used to investigate the effects of handling were
of Gutmann and Wabhlfield (1974) and Engel and Jones (1978)ooled and dialysed against Tris buffer to remove possible
Assay mixtures contained 8jb of buffer (glycine, cofactors (‘stripped’ Hc). Dialysis was carried out using
333mmoltl; hydrazine sulphate, 133mmokl EDTA,  Spectra/Por 2.1 semi-permeable tubing (molecular mass cut-
10mmol L pH9.0), 10Ql of 50mmolt! NAD*, 25ul of  off 15000Da; Biotech regenerated cellulose dialysis
PCA extract and approximately 10i.u. ob-lactate membranes) at 4°C for 24h against three changes of
dehydrogenase (Sigma);lactate dehydrogenase (Sigma) or0.02molt?! Tris buffer with 0.1 mol! NaCl (pH7.75). The
tauropine dehydrogenase. The latter was purified from abalomedividual and combined effects of €aMg2* andp- andL-
adductor muscle by ion-exchange chromatography (Gadéctate on @ binding were examined by adding 1mdll
1987) as modified by Baldwin et al. (1992). CaCb, 1 mol 1 MgCl, and 0.5 molt! of eithero- or L-lactate,

In the disturbance trials- andL-lactate were measured in singly or in combination, to obtain final concentrations of
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Table 1.Concentrations of the anaerobic products tauropinégctate and.-lactate in the haemolymph and in muscle tissue in
Haliotis irissettled in water or emersed in air for 24 h at 15°C

Water Air
Haemolymph Tissue Haemolymph Tissue
(mmol Y (mmolkglfresh mass) (mmoth (mmol kg-lfresh mass)
Pedal Adductor  Adductor Foot Pedal Adductor Foot Adductor
Aorta sinus  haemolymph muscle muscle Aorta sinus  haemolymph muscle muscle
Tauropine  0.25+0.09 0.33+0.05 0.38+0.05 0.78+0.24 0.42+0.19 0.82+0.27 1.58+0.47 0.58%+0.13 5.69+0.76 5.45+0.71
(6) (6) (6) 13) (13) (6) (6) (6) 13) 13)
p-Lactate  0.12+0.04 0.02+0.01 0.47+0.15 0.35+0.14 0.39+0.137 1.69+0.28 1.88+0.35 1.74+0.22 1.75+0.20 1.59+0.26
(6) (6) (6) 13) (13) (6) (6) (6) 13) 13)
L-Lactate  0.11+0.04 0.08+0.02 0.06+0.01 - - 0.11+0.06 0.05+0.01 0.31+0.12 0.01+0.01 0.02+0.01

@) @) ®) (6) (6) @) 4) 4

Values are meansse.m. (N).
The detection limit for these assays is approximately 0.1 mrhol |

10 mmol 1 C&*, 50 mmolt! Mg2* and 5 and 10 mmot} of  values 0.4-0.8 mmolkdfreshmass) and were below the
the respective lactate forms. detection limit in approximately one-third of cases (Table 1)
(Fig. 1). Significant haemolymph concentrationspafctate
Precise Q equilibrium measurements for extended Hill p|0tS were present 0n|y in the adductor haemo|ymph samp|e5, but
Precise measurements emphasizing extreme (low and higtauropine levels generally similar to tissue values were
O saturations (Weber, 1981) were carried out using dialysexcorded in haemolymph from all three sites. After 24 h of air
haemolymph that had been concentrated 10-fold bgxposurep-lactate and tauropine concentrations were elevated
centrifugation at 260§ and 4°C for 15h in Ultrafree-4 in all haemolymph and tissue sampled.actate was present
Millipore tubes (with 30kDa molecular mass cut-off at approximately similar concentrations in haemolymph and
membranes). The data were analysed in terms of the two-stdigesue samples (mean values approximately 1.7 niol |
Monod-Wyman—-Changeux (MWC) model, according to thenmotlkg-l, ranging up to 2.6-2.7 mmoffmmoltlkg?,
equation: respectively). Tauropine concentrations, although highly
variable, were higher than tbelactate values in both foot and
adductor tissues (mean values approximately 5.5 mmélkg
ranging up to 11.4mmolkd) but lower in the haemolymph

A
.

AH FM AM

INERE

Fig. 1. The concentrations of tauropine (A) anthctate (B) in the
haemolymph (AO, aorta; PS, pedal sinus; AH, adductor haemocoel;
. mmol 1) and the tissues (FM, foot muscle; AM, adductor muscle;
Effects of emersion mmol kglfresh mass) ialiotis iris settled in water (open columns)
Tissuep-lactate and tauropine concentrations in the foot anor emersed in air for 24 h (filled columns) at 15 °C. Values are means
adductor muscles of abalones settled in water were low (mei+ s.e.m.; see Table 1 foN values.

S=[LKTP(1 +KTP)&1+ KrP(1 +KrP)Y/[L(1 +KTP)d+
(1 +KrP)],

where S denotes @ saturation,L is the equilibrium constant
between the tense (T) and relaxed (R) states in the full
deoxygenated fornKt andKRr are the association equilibrium
constants for the low-affinity (T, tense) and high-affinity (R,
relaxed) forms, respectivel,is the partial pressure of@nd

g is the number of interacting binding sites (Monod et al.
1965). Curve-fitting to obtairKt, Kr and the allosteric
constanL, estimation of the standard errors and calculation o
the derived parameteRso, Pm (the median @tension),nso,
Nmax (the maximum cooperativity along the equilibrium curve)
andAG (the free energy of cooperativity) were carried out as
detailed previously (Weber et al., 1995).

or mmol kg1
o N MO

Statistical analyses

Statistical differences were assessed using Studetetsss,
assigning statistical significanceR#¢0.05.

or mmol kgl

[D-Lactate] (mmoltt [Tauropine] (mmol
okRrkEN
o o1 O U1 O

Results
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Table 2 Effects of handling disturbance on the concentrations 8f Qdg?*and haemocyanin and on pH aRd, in the
haemolymph dfialiotis iris

[Ca2H] [Mg24 Po, [Haemocyanin]*  p- orL-lactate]
(mmol -3 (mmol -3 pH (mmHg) (functional units) (mmoth
Control 12.96+0.40 48.78+2.85 7.02+0.03 20.3+6.4 0.21+0.03 ND
Experimental 12.87+0.57 49.34+2.12 6.83+0.28 16.1+4.9 0.23+0.02 ND

Values are meanss.e.M. (N=7), except foPo2, whereN=5.
*Functional units, based on 2Cu per unit.

ND, not detected.

1 mmHg=0.133kPa.

samples (0.6—1.6 mmofl highest value 2.8 mmofl in the  respectively) at pH6.9 (Table 3). Increasing the pH to 7.7
pedal sinus)L-Lactate was absent from the haemolymph andaignificantly decreasedx@ffinity, with Psgincreasing to 11.6
tissues of both resting and air-exposed animals (Table 1). and 12.2mmHg for the control and disturbed groups,
A simple index of the different distributions oflactate and respectively. Cooperativity was also pH-sensitive, increasing
tauropine was obtained from the ratio of their haemolymphwith rising pH to 1.6 and 1.4, respectively. These data show a
concentration (either the mean of the aortic and pedal sampliesge reverse Bohr effecthfAlogPso/ApH=+0.65 for the
or the adductor haemolymph value, mméllto the tissue control group, and +0.68 for the disturbed group; Table 3). On
concentration (mean value for foot and adductor muscle) fahe basis of the similar £binding parameters (and identical
the 11 animals for which matched data were available. Thes@emolymph ion concentrations), the overall mean values were
ratios were 1.28+0.23 fom-lactate and 0.20+0.06 for used for comparison with dialysed samples.
tauropine. The difference is highly significar?=0.0004,

pairedt-test, two-tailed). Effects of Ca&*, Mg?™, p-lactate and.-lactate
. _ The effects of divalent cations and lactate are illustrated in
Effects of handling disturbance Figs 2 and 3 and Table 4. Dialysis of the Hc increased O

Haemolymph C& and M@* concentrations were almost affinity (decrease®sovalues from 11.9 to 4.5mmHg at pH 7.7
identical in the control (undisturbed) and disturbed (3hand from 3.9 to 3.2mmHg at pH7.0). The greater effects at
handled) groups (Table 2). The pH was slightly, but nohigh pH resulted in a marked reduction of the reverse Bohr
significantly, higher in the control group, both groupseffect @ falling from +0.66 to +0.21). Dialysis also reduced
exhibiting near-neutral values (7.02 and 6.83, respectivelyhso (from 1.5 to 1.0 and from 1.3 to 1.1 at pH7.7 and 7.0,
Po, values in the cephalic arterial sinus were variable and dicespectively).
not differ in the control and disturbed groups (20.3 and This pronounced effect of dialysis or-Binding properties
16.1 mmHg, respectively; 1 mmHg=0.133 kPa), as also was th@ompted an examination of the effects of 10 mmoQa*
case with Hc concentrations (0.21 mnéland 0.23 mmoH, and 50 mmoH! Mg2* (which approximate thi vivo values)
respectively) (see Table 2). Neither nor L-lactate was
detected in the blood of either group. 12

Native haemolymph from both control and disturbed nh 10Ca 10Ca
animals showed a high2Gaffinity (Ps0=3.9 and 4.0 mmHg, = pH 7.0 10Ca fgl'\j"_gl 28[”_%
respectively) and slight cooperativityns¢=1.1 and 1.2, E=PHTT 5omg SOMY

10Ca

Table 3.Effects of handling disturbance on the-kinding dHe

characteristics of the native haemolymplHaliotis iris at
15°C
Pso Bohr factor
pH (mmHg) Nso )
Control 6.94+0.01 3.85+0.19 1.12+0.11
7.69+0.01 11.55+#1.62 1.63+0.26 0.65%0.05

Experimental 6.94+0.00 4.02+0.63  1.18+0.05

7.70£0.01  12.19+41.30 1.44+0.22 0.68£0.04 [ig 2 The effects of dialysis against various ions on taaftnity
o (logPsg) of Haliotis iris haemocyanin at 15°C, pH7.0 (filled
Values are means of four individuals£.m. columns) and pH7.7 (open columns). Labels above the columns
1 mmHg=0.133kPa. _ _ N refer to the concentrations (mmol)l of C&* (Ca), Mg+ (Mg), b-
Pso, half-saturation oxygen tensiomso, Hill's cooperativity  |actate (D-l), andi-lactate (L-l). nh, native haemolymph; dHc,
coefficient. dialysed haemocyanin without added cofactor.
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—o—nh

I —e— dHc

—-— 10Ca

—— 50 Mg

- —— 10Ca 50Mg
—o- 10 Ca 50 Mg, 10 D-1
| —m— 10Ca 50Mg, 10L-1

7.6

7.8
pH

Fig. 3. The effects of various ions on the cooperativity)( of

Haliotis iris haemocyanin @binding at 15°C. Labels in the legend

refer to the concentrations (mmdl)l of C&* (Ca), Mg* (Mg), -

lactate (D-l), andi-lactate (L-I). nh, native haemolymph; dHc,

dialysed Hc without added cofactor.

and lactate. The addition of 10 mmdIICa&* decreased the
affinity at both high and low pH, and also affected the rever
Bohr factor, which increased to +0.280 changed more at
pH7.6, increasing from 4.5mmHg (intrinsic affinity) to

5.3mmHg, than at pH 7.0, and cooperativity became slightly

negative (50=0.9 at both pH values). The presence of?Mg
(50mmoltY) markedly decreased Oaffinity at pH7.7
(Ps¢=8.1 mmHg), such that the pH-sensitivity op Ginding
and cooperativity were regainedi=+0.62 andnsg=1.9; see
Table 4). A small increase inxinding affinity was seen at
pH 7.0 Ps50=2.9 mmHgQ).

The effects of bothp- and L-lactate on @ binding of
dialysed Hc were investigated at low pH (assumed to favour
binding of the negatively charged ion to positively charged
sites on the Hc molecule). NeithernorL-lactate (5 mmoH?)
changed the affinity (at pH7.0P50=3.0 and 3.3mmHg,
respectively), although cooperativity was slightly decreased in
both casesngp=0.9 and 1.0, respectively).

To determine the possible contributions ofCand Mg+
to He-Op affinity in vivo, the combined effects of 10 mmot!
Ca* and 50 mmolt! Mg2* were measured and were found to
lower O affinity more than M&* alone,Pso increasing to 3.5
and 8.7 mmHg at pH 7.0 and 7.7, respectively. The Bohr factor
was high (+0.60) and virtually unchanged compared with that
with 50 mmolt1 Mg2* (+0.62). Curiously, CH exerted the
opposite effect compared with Mg on cooperativity at
pH7.6, decreasingiso to 1.5 (compared with 1.9 with
50 mmol i} Mg2*). The effects of 10 mmat} b- or L-lactate
in the presence of 10mmotiCa&* plus 50 mmoltl Mg2*
were also investigated. The additive effeab-ddictate was pH-
sensitivePspincreased only at pH 7.6 (to 9.4 mmHg), resulting
in a small augmentation of the Bohr factor (to +0.65). A similar
pattern was found far-lactate:Psp increased to 9.5 mmHg at
pH 7.6 and was largely unaffected at pH 7.0 (3.5 mmHg), such

sthat the reverse Bohr effect remained high (+0.68) ragad
decreased slightly (to 1.30) at high pH.

Extended Hill plots

Precise @ equilibrium measurements in the absence and
presence of M were made at pH 7.7, where this modulator
exerted a pronounced effect on the cooperativity of dialysed
samples. As no cooperativity was observed in the dialysed Hc
(Fig. 4) it was impossible to fit the MWC model to the data.
Instead Pso andnsgwere determined from the linear regression

Table 4. Bo, nsp and ¢ values forHaliotis irishaemolymph and dialysed haemocyanin in the absence and presenég, of Ca
Mg2* andp- or L-lactate at the indicated concentrations and 15 °C

[Ca?*] [Mg?*] [p-lactate] [-lactate] Pso Bohr factor,
pH (mmol F)  (mmol FY) (mmolFY) (mmol Y  (mmHg) Nso ¢
Pooled native 6.96 0 0 0 0 3.94 1.29
Pooled native 7.69 0 0 0 0 11.87 1.54 0.657
Dialysed 6.97 0 0 0 0 3.20 1.09
Dialysed 7.68 0 0 0 0 4.54 1.02 0.212
Dialysed 6.98 10 0 0 0 3.43 0.93
Dialysed 7.64 10 0 0 0 5.25 0.88 0.277
Dialysed 6.97 0 50 0 0 2.92 1.09
Dialysed 7.68 0 50 0 0 8.07 1.90 0.624
Dialysed 6.95 0 0 5 0 2.98 0.87
Dialysed 6.95 0 0 0 5 3.30 0.97
Dialysed 6.98 10 50 0 0 3.54 1.09
Dialysed 7.63 10 50 0 0 8.68 1.49 0.600
Dialysed 6.98 10 50 10 0 3.56 1.16
Dialysed 7.63 10 50 10 0 9.35 1.39 0.645
Dialysed 6.97 10 50 0 10 3.47 1.08
Dialysed 7.62 10 50 0 10 9.53 1.30 0.675
Pso, Half-saturation oxygen tensiomgo, Hill's cooperativity coefficient.
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state (Fig. 4). The Myg-induced variations it andKgr were

also obtained from analyses wiftfixed at multiples of 8 (8,

16, 24 and 32, respectively; data not shown), and similar results
i were obtained. ThePm value was lower than thésg
(7.2mmHg compared with 8.9 mmHg), anglax was higher
thannso (3.3 compared with 2.7), reflecting asymmetry of the

] O2-binding curves. The free energy of cooperativitg was
4.291kImotl at pH7.7.

o

Discussion
Haemolymph and muscle lactate and tauropine levels

] The accumulation ob-lactate and tauropine in the muscle
tissue of abalone during environmental and functional hypoxia
has been reported previously and has been discussed in terms
of the differing strategies available for anaerobic energy
production among molluscs (Wieser, 1981; Fields, 1983; Sato
et al., 1985; Wijsman, 1985; Gade, 1988). The elevatian of
lactate levels has also been observed in the blood of pulmonate
gastropods during periods of anoxia (Wieser, 1981; Wijsman,
1985), but we believe that this is the first demonstration of the
al . / L L presence ob-lactate in the blood of an archaeogastropod and
-4 3 2 -1 0 1 2 3 4 the first published report of the presence of tauropine in
logPo, molluscan blood. Similar observations have been made
previously for the haemolymph éfaliotis rubra (J. P. Elias,
unpublished data). The blood:tissue ratios (0.20 for tauropine,
Mg2". in 0.1mol 1 Bis-Tris buffer at pH7.7 and 15°®&r andKg 1.28 for b-lactate) in emersed animals are uncorrected for
are estimates of £association equilibrium constants (mntgfor tissue dry matter and haemolymph content. Nevertheless, they

the low-affinity (T, tense) and high-affinity (R, relaxed) forms, IMPly & rather rapid equilibration af-lactate between the
respectivelyS, fractional oxygen saturation. intracellular and extracellular pools and a greater retention of

tauropine intracellularly. Some caution must be exercised:
although the foot and adductor muscles account for a large
to be 4.3mmHg and 1.0, respectively. WHttFKr=1/Ps0, the  proportion of the body mass, the release (and uptake) of these
corresponding association constant is 0.23 mmdGable 5).  products at other sites is likely, and further studies along these
The addition of 50 mmotf Mg?2+ altered the affinities of both lines should aim to quantify this.
the tense and relaxed forms of the Hc molecules, the greatest
effect being seen o, which decreased to 0.075mmtig Regulation of the @binding properties oHaliotis iris
while Kr increased to 0.449mmHY The number of haemocyanin
interacting Q-binding sites @) providing the best possible fit ~ The respiratory adaptations of gastropod Hc are poorly
was 15.48+2.17; mean &£.M.) (Table 5). The higly value  understood compared with those in arthropods. Adaptations in
together with a very high value &f reflect the narrowPo, Hc function to different conditions may occuia changes in
range in which the molecule shifts from the tense to the relaxatie pigment concentration, changes in its intrinsic structural

log[S/(1-9)]
AN

4 50 mmol I71 Mg2*
e Dialysed,no cofactor

Fig. 4. Hill plot for dialysed haemocyanin bfaliotis iris measured
in the absence (circles) and in the presence (triangles) of 50 mmoll

Table 5.Effect of 50 mmott Mg2* on MWC and derived parameters for dialystaliotis irishaemocyanin at 15 °C

Pso Pm KT Kr AG
pH (mmHg) (mmHgG) nso  Nmax (MMHgY (mmHgD logL  (kJmot?) q
No cofactor 7.69 4.34 - 0.98 - 0.231 0.231 - - -
50 mmol F1Mg?* 7.58 8.89 7.17 273 3.31 0.075+0.004 0.449+0.023 7.86 4.291 15.48

MWC, Monod—-Changeux—Wyman modeilnax, maximum cooperativity along the equilibrium cun®s;, median Q tension;Ky, O
association equilibrium constant of the low-affinity state of haemocyH&rinO, association equilibrium constant of the high-affinity stdte o
haemocyaninl., equilibrium constant between the tense and relaxed states in fully deoxygenated haenfuBy&eimenergy of cooperativity;
g, number of interacting binding sitegso, Hill's cooperativity coefficientPso, half-saturation @tension.

1 mmHg=0.133kPa.

Values forKr, Kr andAG are means s.E.M.
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and functional properties or changes in the type anthese organic ions or that the effects reflect a more general
concentration of ‘cofactor’ molecules that modulate its O anion sensitivity. In any case, it appears that neither form is an
binding properties. Unlike vertebrates, in which organidmportant modulatom vivo. However, before abandoning the
phosphates are potent regulators of Hbaffinity, the affinity ~ concept of organic modulators of molluscan Hc, the potential
of invertebrate pigments is mainly dependent on inorganicole of tauropine should be examined. Unfortunately, tauropine
cations (Truchot, 1975; Mangum and Lykkeboe, 1979). Irs unavailable commercially, but methods have been published
contrast to crustacean Hc, in which#gnd C&*increase @  for its synthesis and purification (Sato et al., 1985, 1991).
affinity (e.g. in the shore craBarcinus maengs(Truchot,
1975), these cations decreasgafinity in Haliotis Hc. The Allosteric control mechanisms ot @ffinity
O¢ affinity of some crustacean Hcs is, moreover, increased by Analyses of the precise;@quilibria inH. iris, represented
L-lactate and urate (Truchot, 1980; Morris and Bridges, 1986)n the extended Hill plots (Fig. 4), indicate a new allosteric
The present data fad. iris Hc illustrate new modes of control mechanism in which My decreasert and also
effector modulation of © affinity. Removal of divalent increasesKg, resulting in a sigmoid Pequilibrium curve.
cations through dialysis increased affinity and obliteratedHence, it increases thex@ffinity of the oxygenated (relaxed)
cooperativity (Figs 2, 3). In addition, the pH-sensitivity of O state but also (and proportionally more) decreases the affinity
binding (Bohr effect) was markedly reduced. The addition obf the tense state. This differs from vertebrate Hbs, in which
50 mmol i1 Mg?*, which approximates thim vivo value, at  erythrocytic organic phosphates (such as diphosphoglycerate
pH 7.7 (which falls within the physiological range in marineand ATP) and increased proton concentrations decrease O
gastropods) (Mangum and Shick, 1972; Brix et al., 1979affinity by decreasindit (Tyuma et al., 1971, 1973; Weber et
Mangum and Lykkeboe, 1979) almost fully restored blBed  al., 1987), annelid extracellular Hbs, in which divalent cations
and even increased cooperativity beyond the level seand increased pH increase; @ffinity by increasingKr
in native blood. The small additional effect of Z€aat  (Weber, 1981; Fushitani et al., 1986), and pulmonate snail
approximately in vivo concentrations) further decreased (Biomaphalaria glabrati extracellular Hb, in which cations
affinity and, curiously, opposed the positive effect exerted bynodulateKt and protons modulat&r (Bugge and Weber,
Mg?2* on cooperativity, resulting in the®inding properties  1999). While little is known about the control mechanisms in
seen in the native blood (Figs 2, 3). Hcs, the available data indicate that in the Hc of the shrimp
Evidently, thein vivo Psois strongly dependent on the Rtg  Callianassa californiensisig?* raises botiKt andKr (Miller
concentration. That the difference in the effects of*Gad  and van Holde, 1974), whereas in the Hc of the opisthobranch
Mg?* does not appear to be due to ion-specific binding by thgastropodAplysia limacinaCe2* decrease&t and increases
Hc molecule, but simply to result from thein vivo  Kg (Ghiretti-Magaldi et al., 1979). However, in the latter case,
concentration differences, is suggested by the observation (dakee Hill plots in the presence and absence of*Geere
not shown) that the two cations exerted similar effects whemeasured at different pH values (pH 8.5 and 8.0, respectively),
tested at equivalent concentrations. However, unliké*Mg and the effects of cations cannot be separated from those of
Ca* did not induce cooperativity even when tested aprotons. The effect of Mg on Haliotis iris Hc is analogous
concentrations far exceeding physiological values (data nao that of C&* onLimulus polyphemusic, in which this cation
shown), indicating a specific cation effectrm (Fig. 3). The  appears to enhance the stability of the deoxy conformation
reverse Bohr effect favours,®inding at low pH (Brix et al., (Topham et al., 1998).
1979; Mangum and Lykkeboe, 1979). Protons neutralise the Gastropod Hc didecamers each possess 1£0irding
negatively charged binding sites of the Hc moleculesites. Since this very large number of binding sites is not
decreasing cation binding and the effect of cationBgrand  reflected by correspondingly high values of the Hill coefficient,
decreasingiso in the case of M. The cumulative effects of ny (cf. van Holde and Miller, 1995; van Holde et al., 2000),
Mg2+ and C&" in dialysed blood at low pH resulted in-O the value for the number of interacting siteg) (may
binding properties comparable with those in native blood. correspond to the number of,®inding sites within the
Crustacean Hcs show highly specific but variablesubunits that behave like allosteric entities (van Holde et al.,
sensitivities to-lactate (Truchot, 1980; Bridges et al., 1984;2000). Accordingly, it may be more appropriate to fit the
Morris and Bridges, 1986; Lallier and Truchot, 1989), whichstandard MWC model, fixing as the number of binding sites
interacts with all four positions of the chiral carbon of theper subunit or multiples of these. @ctopus dofleinithe Hc
protein, thus explaining the difference in binding comparedlissociates into subunits upon removal of divalent cations at
with p-lactate and other structural analogues (Johnson et apH 8.0 (Miller, 1985; Connelly et al., 1989). This is also the
1984; Graham, 1985). The Hc of the whebBusycon case forSepioteuthis lessioniartdc (van Holde et al., 2000),
contrariumwas reported to be insensitive to both stereoisomeri® which the cooperativity expressed in the native decamer is
of lactate (Mangum, 1983, 1992). However, the effect obbliterated in the subunits upon removal of divalent cations.
lactate on the ©binding ofHaliotis iris Hc has not previously Non-cooperativity in isolated subunits seems to be general in
been investigated. The almost identical, minor depressantolluscan Hcs. In the Hc of the crustace@allianassa
effects of the two isoforms on affinity angp indicate that the californiensis both C&* and M@+ promote the association of
binding sites orHaliotis iris Hc cannot distinguish between subunits (Roxby et al., 1974; Miller and van Holde, 1974). Is
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it then the presence of divalent cations that induces distinct 1979), they agree well with those of Wells et al. (1998), who
and R states, or is the observed cooperativity in the presenfrind thein vivo pH of pedal sinus blood df. iris at 20°C
of cations simply due to preservation of the native aggregatdd be 7.39+0.2 at rest and 6.51+0.3 following 10min of
state? Although results witBepioteuthis lessoniartdc (van intensive exercise that caused metabolic acidosis. The fact that
Holde et al., 2000) indicate that cooperativity is correlated witlthe reverse Bohr shift is operative in this pH range implies that
the presence of decameric quaternary structure rather than with unloading in the relatively acid tissues may be impaired.
Mg?2* concentratiorper se this view is not supported by the Interestingly, the Hc of the gastrop&liccinum undatum
present results. Thus, if the native aggregated state were taeclimated to normoxic, high-salinity (35 %) water shows a
only prerequisite for cooperativity, then addition of eithe#"Ca normal Root effect (reduction in Qrarrying capacity with
or Mg?Z* would have exerted similar effects in establishingdecreasing pH) compared with a reverse Root effect following
cooperativity. The unique correlation between the presence ekposure to hypoxic conditions or lowered salinity (Brix et al.,
Mg2* and cooperativity irHaliotis iris Hc (Fig. 3) indicates 1979; Brix, 1982). The shift was attributed to a hyporegulation
either that the molecule can distinguish between these twaf the blood ion levels, leading to a lowered @ncentration
divalent cations or that €& does not promote subunit and a concomitant increase Rto, that lowered pH. The
aggregation. associated decrease im@lockage of the He-©binding sites
TheK7/KR ratio in the presence of Myindicates a sixfold increases the £saturation of the Hc when pH decreases and
higher affinity for the last compared with the firgti@olecule  augments the effective levels of the €arrier in the blood
bound to the macromolecules. This is a low factor compare(Brix and Torensma, 1981). The combined effect of the reverse
with those of 313 (pH7.4) and 68 (pH7.4) observed irBohr and Root shift was shown to increase the venous
vertebrate and annelid extracellular Hbs, respectively (Tyum@; content significantly under hypoxic conditions, thus
et al., 1973; Weber, 1981). Similarly, the free energy (pecompensating for the reduced amount of physically dissolved
binding site) of interaction between >®inding sites Oz in the blood (Brix, 1982).
(AG=4.3kdImotl in the presence of Md) is low compared A reverse Root shift, independent of hypoxia or low salinity,
with that of stripped HbsAG=8.7 kJ mot for human Hb and has been demonstrated in the Hedofris (Wells et al., 1998).
AG=8.4 kI motl for extracellular lugworm Hb) (Tyuma et al., To date, no convincing hypothesis has been presented for its
1973; Weber, 1981). However, given the large number afignificance in combination with a reverse Bohr shift and
interacting Q-binding sites =15.48 compared witlq=4 in  associated loss of cooperativity at the lower end of the
tetramers), the total free energy of interaction betwegn O physiological pH range. The reverse Root shift may ensure an
binding sites may be large. The Hill plot (Fig. 4) indicates thaincreased @carrying capacity when pH drops, as inferred by
the transition from the tense to the relaxed conformation occuells et al. (1998), and has been shown to be of importance
late in the oxygenation process, at B¢I-S]=-0.2, i.e. in Buccinum undatumin which animals adjusted to hypoxic
approximately 17 % saturation, compared with approximatelgonditions almost regenerate their normoxig Uptake rate
8% in human Hbs (Tyuma et al., 1973), reflecting the higt{Brix and Lomholt, 1981). In addition, under hypoxic
degree of stabilisation of the tense conformation by internatonditions, the large blood volume Hf iris (approximately
bonds. 52 % of wet mass) (Taylor, 1993; Ragg et al., 2000) constitutes
Recently, it has been shown that the Hc Hdliotis a blood Q reserve that offers some protection against internal
tuberculataexists in two isoforms (HtH1 and HtH2) (Keller et hypoxia. However, an increased affinity and loss of
al., 1999; Lieb et al., 1999, 2000; Harris et al., 2000; Meissnarooperativity at low pH do not necessarily impagrloading
et al., 2000). The two isoforms, and their component functiondut only shift it to lower critical levels, where aerobiosis
units @ to h), are all immunologically distinct but correspond may supplement anaerobic metabolism. The pedal and shell
respectively to the much-studied KLH1 and KLH2 isoforms ofadductor enzyme and metabolite profiles provide evidence that
another archaeogastropod, the keyhole limigletgathuria  Haliotis spp. rely heavily on anaerobic metabolism during
crenulata (Gebauer et al., 1994; Sohngen et al., 1997). Thexercise or environmentally induced hypoxia (Wells et al.,
haemolymph concentrations of the different isoforms may var§998); such results are supported by the accumulation of the
independently (e.g. during starvation) and also differ in theipyruvate reductase end-products tauropine anldctate
tendencies to associate into didecamers and multidecamers(®dade, 1988; Baldwin et al., 1992; Ryder et al., 1994; Wells
the presence of divalent cations. Clearly, future studies muand Baldwin, 1995).
establish the extent to which the propertiesHofiris Hc
reported here relate to one or both isoforms. Concluding remarks
Taken together, the evidence indicates Hultotis iris has
Physiological implications of a reverse Bohr and Root shift 3 plood Q-transport system in which high rates ofdlivery
Repeated handling and air exposure over a period of 3to the tissues are not a high priority. Consequently, the reverse
appeared not to affect the haemolymph composition or pBohr and Root shifts do not constitute a serious impediment.
(Table 1). Although the mean pH values are markedly lowePossibly, H. iris evolved under circumstances with no
than those reported previously for marine gastropods (Mangudemanding need for Qdelivery under hypoxia. These cold-
and Shick, 1972; Brix et al., 1979; Mangum and Lykkeboeadapted animals are found in shallow, sub-littora;ri€h
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waters of New Zealand's coasts, achieving their greatestCrystal structure of a functional unit fro@ctopushemocyanin.J. Mol.
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ou : y Y of copper oxygen-binding proteink. Exp. Biol.203 1777-1782.
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