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The hemocyanin from the crayfish Jasus edwardsii (= lalandii) has been studied using ultracentrifugation, viscosity,
circular dichroism and oxygen binding techniques. Sedimentation velocity experiments at pH 7.0 indicated the pres-
ence of a principal species with §;q o, = 164 S, and at higher pH the presence of a species with Sy, w =5 .2 S. Sedi-
mentation equilibrium experiments ylelded molecular weights of 490 600 and 81 000 respectively, indicating that the
larger unit is 2 hexamer of the monomer unit. However, preliminary experiments with gel filtration and electrophoresis
under denaturing conditions indicate that more than one monomer species may be present with molecular weight in

the range 76—100 0Q0.

Circular dichroism (CD) spectsa are presented at pH 7.0, 8.6, 10.0 and 11.0 for oxy-, deoxy- and apo-hemocyanins.
Slight differences were observed in the magnitude of the bands in the presence or absence of Mg*™.

Oxygen binding studies have been made at pH 6.1, 7.0, 8.8 and 10.6, in the presence of 0.01 M MgCl,. The extent
of cooperative binding was indicated by a maximum value of 7 = 3.7, and a pronounced Bohr effect was observed.

1. Introduction

The hemocyanins are respiratory proteins found
in certain Arthropods and Molluscs. The oxygen-carry-
ing metal is copper in a non-heme protein environ-
ment, and this imparts a blue colour to solutions of
the protein. A remairkable feature of the hemocyanins
is the variety of subunit structures — for arthropods
alone, five different levels of aggregation have been
reported in all [1].

Jasus lalandii is a marine crayfish, or rock lobster,
which is common to continental or island waters of
the Southern QOcean. Six species in the Jasus lalandii
group are recognised [2]. The hemocyanin of two of
these, Jasus novaehollandiae from Australia, and Jasus
lalandii from South Africa, have been studied before
[3—6], but the overall picture of the structure and
behaviour of this protein was still sketchy, with even
the exact molecular weight of the species, particular-
ly or dissociation, not clearly resoived [S]. Another
tantalising question arises as to why the main associa-

* To whom comrespontdence should be addzessed.

tion observed with Jasies is the 168 species, whereas
248 and 39S species are observed with other Crusta-
cea. We have therefore made a fresh investigation of
the structure and function of Jasus hemocyanin, and
preliminary details have already been reported [7].
In this paper we present the results of physical stud-
ies on the subunit structure of the hemocyanin from
the species found in New Zealand coastal waters,
Jasus edwardsii, using sedimentation and spectroscopic
techniques. Later papers will deal with the nature of
the subunit, and with protein titrations.

2. Experimental

The crayfish were obtained from commercial fish-
ermen from catches in the coastal vicinity of Welling-
ton. The hemocyanin was extracted by insertion of
a hypodermic syringe or Pasteur pipette in the first
tail segment, and then allowed to clot. The clotted
material was homogenised for a few seconds, 0.1 I
tris buffer pH 7.0 was added, and the total sample
was centrifuged for 10 min at 10 000 rpm and 4°C.
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The supernatant was separated and kept aside, and

the clot was washed again with buffer and centrifuged.

The pooled supernatants were centrifuged for 18 hrs
at 30000 rpm (78 500 g) in a2 Beckman Model L2
preparative centrifuge. The blue pellet of hemocyanin
was redissolved in 0.1 I tris, pH 7.0, and this solution
was used as a starting point {or further purification in a
column containing agarose (Biogel A-1.5), as required.

Reagents used were “‘analytical reagent” grade
wherever possible. Buffers used were 0.1 1 tris (pH
7—9) and 0.1 1 bicarbonate (pH 9—11) made up by
standard procedures [8].

Sedimentation experiments were performed using
a Beckman Model E analytical ultrucentrifuge
equipped with electronic speed control. Velocity
studies were performed using schlieren optics, and
the photographic plates (Kodak Metallographic) were
measured with a Nikon model 6C Profile Projector.
The data were carrected to water at 20°C. Sedimen-
tation equilibrium experiments were performed to
determine molecular weights, and the high speed tech-
nique of Yphantis [7] was used. Solutions with ini-
tial concentrations of 0.3 to 0.9 mg{ml were run in
a 6-channel centre-piece in an An-D rotor. The 168
particle was studied in pH 7.0 buffer at 12 000 rpm,
and 30000 rpm was used for the 5 S particle in pH
10.6 huffer. Photographs were taken after equilibri-
um had been ¢stablished (within 16—18 hrs) using
Rayleigh optics, and Kodak [IG Spectroscopic plates,
Fringes werc measured at 0.05 mm intervals starting
near the meniscus. The data were then analysed by
computer for both weight-average molecular weight
averaged over the whole solution cofumn and for
weight-average molecular weights at each point. The
computer programme was written by Dr. R.D. Dyson
of Oregon State University.

Densities were determined at 25.000 + 0.005°C using

25 m! pycnometers of the single stem type whose vol-
umes were calibrated using distilled water. Partial
specific volumes, v, were calculated from densities
according to the relation

5= (1 - —A"—).
By C

where g is the density of the buffer, Ap is the differ-
ence in densities of protein solution and dialysate,
and c is the protein concentration in g mi—! . Relative
viscosities were measured using a low shear modified

Ubbelohde viscometer based on the design of Reich-
mann et al. [8], in which the fine capillary of the
usual Ubbelohde instrument was replaced by about
I metre of 1 mm diameter glass tubing, wound in a
coil. This modification results in sheer rates of at least
10 times less than those of the normal viscometer [9].

Protein concentrations were measured routinely
by observing the optical density at 280 nm. Samples
of known optical density were freeze-dried and the
dry weight of protein was determined against a
buffer blank. This yielded EL% =122 for the
16 S hemocyanin and E1%  ="12.7 for the 53
particle.

Quantitative tests for carbohydrates yielded an
estimated 0.9% hexoses, and a scarcely detectable
amount of hexosamines. Although the error at such
low concentrations is considerable, it would appear
that the carbchydrate content in J. edwardsii hemo-
cyanin is only of the order of 1%.

Circular dichroism experiments were performed
at 25°C using a Jasco J-20 instrument with cells of 1
and 10 imm path length. The molecular ellipticity,
(0), in deg cm? decimole—1, was calculated from

(6)=6°M/10 Ic,

where 8° is the observed ellipticity in degrees, ! is the
path Iength of the cell in cm, ¢ is the concentration
of protein in g ml— I, and M is the molecular weight.
We have used a value of Af = 81 000 corresponding to
the average monomer molecular weight (containing
two copper atomnis).

Absorption spectra were measured using 1 mm or
10 mun silica cells in a Perkin-Elmer 402 spectrophoto-
meter. Oxygen binding studies were made using a2
tonometcr based on the design of Johnston et al. [12],
but modified so that it fitted totally within the sam-
ple compartment of the spectrophotometer. The oxy-
gen sensor was a Clark electrode, and the oxygen ten-
sion was read from a Beckman 121 recorder. The
tonometer was thermostatted at 20°C.

3. Results

3. 1. pH dependence of hemocyarin structure in
neutral and alkaline region

The behaviour of the hemocyanin as a function of
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Yig. 1. Sedimentation caefficients of the hemocyanin at 20°C
as 3 function of pH. Filled circles and unfilled circles repre-
sent major and minor sedimenting components respectively

in the absence of added MgCl;. Half filled circles indicate ma-
jor component between pH 9.8 and 11 in the presence of

0.01 M MgCi,. Protein concentrations in each run were 5 mg
ml~L,

pH was studied by sedimentation velocity experi-
m2nts. Portions of concentrated stock hemocyanin
were run at pH intervals between 7 ana 1.

The sedimentation coefficients obtained are pre-
sented in fig. 1. At pH 7, all the hemocyanin is pres-
entt as a ““168™ particle, and this trend continues un-
til pH 8.6, when a particle with a sedimentation co-
efficient of approximately 58S is observed as well as
the 168 particle, though the latter is still the major

species. At pH 9, more dissociation has taken place,
and the 58 particle is the major species. A trace of
an intermediate peak was also observed at thus pH,
which was assumed tobe ap tly broken down 16S
unit. Above pH 9.2, the hemocyanin has entirely dis-
sociated into 5S particles.

The sedimentation velocity patterns at pH 7, 8.6,
9.0 and 10.6 are shown in fig. 2.
3.2. Sedimentation velocities of the 168 and 38
COINPorREnts

Sedimentation velocity experiments on both the
16S and 58S particles were studied as a function of
solute concentration using hemocyanin samples puri-
fied from the agarose column. The results are plotted
in fig. 3. Extrapolation to zero solute concentration
yields values of 16.4 S and 5.2 S for SY atpH 7.0
and 10.6 respectively. i

Moore et al. [S] studied sedimentation at pH 8.0
and 8.7 and found a value ofSQO w ©F 15.6 S tor the
larger particle. The smaller particle save S{.’,B w =328
at pH 8.9. Thus there is good agreement between the
two laboratories for the 5S particle, in spite of the
pH difference, but the lurger particle appears to sedi-
ment faster at pH 7 than at pH 3.0 or 8.7.

0,w

Fig. 2. Sedimentation velocity patterns of J. edwardsii hemacyanin at 20°C and various pH (no MgCl, present). {a) At pH 7 after

16 min a2t 48 075 rpm; (b) lower pattern, pH 8.6, upper pattern pH 9.0, after 40 min at 48 429 rpm: (¢) at pH 10.6, after 32 min
at 56 094 rpm.
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Fie. 3. Sedimentation coefficients of the hemocyanin at 20°C

as a function of concentration of protein, for the 16S and 58
particles. :

3.3. Molecular weights of the compaonents

Plots of In C {with concentration € expressed as
fringe displacement AJ) versus Ar2 (where r is the
position of the point relative to the meniscus of the
solution) were made, and the slopes of the linear fits
of these plots were used to yvield an average molecular
weight over the whole cell.

For the 168 particle, the average of three high
speed equilibrium experiments gave an average molec-
ular weight over the whole of the cell of 490000 *

25 000.

In the case of the 58 particle, average molecular
weights from six such experiments yielded a molec-
ular weight of 81 000 = 3 000.

Point average M, computed from the data are
plottad in fig. 4. [t may be seen that the results are
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Fig_4_Woeight average molecular weights as a function of
concentration in the cell {expressed as fringe displacement)
computed from the sedimentation equilibrium data.

in agreement with the averages indicated above. Vai-
ues of M, and Af, gave satisfactory agreement with
M, and indicated that the samples under study were
homogeneous within the sensitivity of the sedimenta-
tion equilibrium technique.

The density data required in determination of mo-
lecular weights by sedimentation equilibrium are sum-
marised in table 1, which also includes viscosity meas-
urements made on the same solutions. A summary of
the final data for Jasus hemocyanin is presented in
table 2, which includes intrinsic viscosity [n}, friction-
al ratios, f/f, and an estimate of the molecular weights
of both particles from sedimentation and intrinsic
viscosity measurements from the approach of Schera-
ga and Mandelkern [13] using the relation

Table 1
Densities, partial specific volumes and viscosities of hemocyanin from Jasus edwardsii
Species Solvent Protein cong, Soiution density @ (mgmi™*) nspf(.‘
(mg mi™1) € cm™?) (mig™*)
165 011 Tris,pH 7.0 15.8 1.00647 0.734 5.3g
e =1.00233 23.7 1.00863 0.733 529
3i6 1.31074 0.73> 5.3
39.5 1.01307 0.724 549
58 0.1 I Bicarbonate, pH 10.6 7.3 1.60347 0.71, 12.00
p = 1.00096 14.7 1.66519 0.71, 1254
38.7 1.01153 0.71, 14.3
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Table 2
Summary of the physicsal data for hemocyanin fram Jasus edwardsii

Component Si0.w Mol. wt, v Q fifa Mol wt.
S) (from sed. eq.) (mig~1) (mig™1) (from S and [n}])
16S 16.4 490000 0.73, 54 146 524000
5S 5.2 81 000 0.71, 11.3 1.54 121600
M=4690(S,, V7 ] 121(1 ~ tp)**. B R A R

We measured relative viscosities of the hemaocyvanin
in the presence of guanidine hydrochloride, and by
extrapolation of reduced viscosity to zero concentia-
tion obtained an intrinsic viscosity of 57 ml g~!. Ap-
plying the relation of Tanford et al. [14]

Abrarhants

200 3 IS0 &0 7
[1?] =0.716 326'66 . 0 A énen) o s ™
Fig. 5. Ultraviolet and visible absarption spectra of J. edwardsii
where 2 is the number of amino acids in the polypep- oxyhemocyanin :u:‘pH 7.0in 0-'1 [-tris buffer cont:,:.ining. 001 M
tide chain, we obtained a value of 2 = 759. If we as- CaCl,. Concentration of protein is 3.9 mg mi 1 in the range

750-300 rm,0.82 mgml~! for 300240 nm, and 0.081 mg

sume the mean residue weight per amino acid is 110, mi~! for 240-190 nm. 10 mm path length cell used in the rang- s

this yields an estimated molecular weight of 83 500 750--430 and 300190 nm: 1 mm cell in the range 430300 2.

for the polypeptide, in good agreement with the sedi-

mentation equilibrium data on the intact 5S particle. protein is characteristic of hemocyanins, and is shown
in fig. 5. At pH 7, when the hemocyanin is present al-

3.4. Absorption spectra, circular dichroism and most entirely as 16S hexamers, maxima are located

oxygen binding at 218, 279, 337 and 579 nm, and the extinction ra-
tios Ex79/E579. Exgo/E337. and E g/E g are 75.7,

The absorption spectrum of J. edwardsii respiratory 4.00 and 12.3 respectively.

220 260 260 280 dda 440 500 &G0
A {novy)
Fig. 6. UV and visible TD spectra of Jesus edwardsii hemocyanin at pH 7.0 in the presence or absence of 0.0F M MgCl,y. Concen-
trations of protein: 25.0 mg mi™! for the range 700300 nm, 1.25 mg mi™! for 300245 nm, and 0.25 mg mi~! for 245210 am.
10 mm cells used in ranges 700400 and 300245 nm; 1 mm cell used for 400300 and 245210 nm. Legend: oxyvhemo-
cyanin, no Mg —-—— deoxyhemocyanin, no Mg*"; ---.- oxyhemocyanin in presence of 0.0F M Mg*™"; —.—.— deoxyhemocyanin in
presence of 0.01 M Mg™; —__— apohemocyanin.
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Fig. 7. UV and visible CD spectra of the hemocyanin at pH 8.6. Other details as in fig. 6.
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Fig. 8. UV and CD spectra of the hemocyanin at pH 10.0. Other details as in fig. 6.

Circular dichroism spectra were measured at pH
70, 8.6,10.0and 1i.0. Figs. 69 present the spectra
at these pH values, for hemocyanin in the oxy, deoxy
and apo forms, both in the presence or absence of
0.01 M MgCl,, as indicated. Table 3 summarises the
molar ellipticities at peak values of the spectra.

Oxygen binding studies were made at pH 6.1, 7.0,
8.8 and 10.6, in the presence of 0.01 M MgCl,. The
oxygen binding curves were sigmoidal at pH 6.1, 7.0
and 8.8, but became almost hyperbolic at pH 10.6.

The value of the parameter n of the Hill equation [I,
15] was determined at each pH by plotting lagy 4 [/
(1—y)] against logqp04 (where y is the fraction of

300

L L 2

g a
% A(nmlzs

Fig. 9. UV CD spectra of the hemocyanin at pH 11. Other de-
tails as in fig. 6.

260
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Table 3
Circular dichroism in the ultraviolet and visible: Molecualar ellipticities in deg cm? decimole™! for hemocyanin from Jasus edwardsii,
assuming a subunit of molecular weight 81 000

Amax pH Molecular ellipticity (8)
(nm)
No AMg** 0.01 M Mg*™
. Apo-
Oxy- Deoxy- Oxy- Deoxy-
800 7.0 7.00 T.67
8.6 6.54 6.52
10.0 5.19 7.11
it.0 0
502 7.0 8.66 8.88
504 8.6 851 7.84
506 10.0 801 8.75
i1 ¢
336 7.0 -~103.0 —108.9
8.6 —98.1 ~933.1
10.0 ~95.5 —102.1
11.0 0
290 7.0 ~59.8 -74.5 ~54.2 —72.6 -60.5
8.6 ~62.1 ~66.7 —~39.1 ~77.1
10.0 ~46.0 —34 4 -32.3 —63.5 —~4.32
I l -0 _6;‘?0 O
285 70 ~74.5 -834 ~84.4 -82.5 -79.9
8.5 ~71.9 -72.4 ~64.2 ~B3.1
10.0 ~57.8 —64.6 ~-59.2 —73.7 -10.8
ii1.0 -13.2 0
280 7.0 -83.3 ~61.1 ~79.1 ~36.0
(275} 7.0 —~72.6
280 8.6 ~68.6 ~62.8 —60.0 —~79.3
280 10.0 —35.7 ~30.9 ~33.9 ~70.2 —6.48
270 7.0 ~454 ~50.8 —34.1 —52.7 -30.8
8.6 —~52.3 ~43.2 ~44.1 —59.4
100 —-17.0 -~374 -41.9 —434 —-10.8
11.0 —B.64 0
250 7.0 52.5 59.8 40.6 659 60.3
8.6 58.8 70.6 44.1 594
10.0 51.0 71.4 52.3 6335 15.1
i1.0 88.6 87.7
220 7.0 -4519 ~4972 ~4411 —4568 -4108
8.6 -3363 -5249 —-3912 —~3441
10.0 4417 ~3063 —3499 —3545 ~-4981
110 ~4028 —4251
hemocyanin in the oxygenated form at equilibrium) and 4. Discussion
taking the slope, n, of each line. The results are plotted
in fig. 10, and yielded values of n =3.6,3.7,3.5,2.0 4.1. Sedimentation and viscosity studies

at pH values 6.1, 7.0, 8.8 and 10.6 respectively.
The variation in dissociation of J. edwardsii hemo-
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cyanin as a function of pH is similar to that obszrved
for several other arthropod hemccyanins {1]. Qur ob-
servations differ somewhat from the observations of
Moore et al. {S], who found a significant degree of
dissociation even at pH 8. Perhaps it is possible that
the precipitation technique used in their preparation
resulted in their sample being more readiy dissociable.

The average value of 490000 for the molecular
weight of the 168 particle is in very good agreement
with values of 492 000 and 506 000 reported by
Joubert [6] from light scattering measurements at
pH 6.5 and 7.5 respectively on Jasus lalandii, and a
value of 480000 at pH 8.0 by Moore et al. [5] from
sedimentation measurements by the Archibald prace-
dure, using Jasus novaehollandiae.

The value of 81 00C for the average of molecular
weight measurements on the 58S particle is significant-
ly different from the values of 86 G000 and 90 UCO re-
ported by Moore et al. [S]. Their values gave rise to
some uncertainty as to whether the 16S particle was
a pentamer or hexamer, but our results suggest that
this particle is definitely a hexamer. This conclusion
would indicate a close correlation in structure and
size between Jasus hemocyanins and the hexamers
cf other arthropod hemocyanins, such as, for example,
the 16S particle from the crab Caricer magisrer whose
monomeric unit is believed to have a molecular weight
of about 80000 {16].

Considerable interest with the hemocyanins has
centred around the nature of the monomer, particular-
ly with regard to the number of polypeptide chains
in the unit. In particular, the question has arisen as
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Fig. 10. Plot of logyo ¥/(1 —y)] against log)op0; from oxygen
binding of hemocyanin in the presence of 0.01 M MgCi; at

20°C and pH 6.1, (0} 7.0, (*) 8.8 (=) and 10.6 (a).

to whether there are 2 or 3 polypeptide chains in the
80 0C0 moliecular weight subunit, or even perhaps just
one chain, although until comparatively recently it
was felt less likely that the latter was the case in view
of the comparatively high molecular weight that
would result from only one chain. However, the mo-
lecular weight determined from viscosity measure-
ments in guanidine hydrochloride gives credence to
the belief that our 81 000 molecular weight subunit
contains no shorter polypeptide chains within the
subunit.

Much of the work described in this report was per-
formed between 1971 and 1973, and at that time we
made some preliminary studies on the molecular
weight of the polypeptide chain of the hemocyanin,
using gel filtration in 8 M urea and 0.1% §-mercapto-
ethanol, and polyacrylamide gel electrophoresis in
sodium dodecyl sulphate (SDS). The gel filtration ex-
periments showed that most hemocyanin eluted in a
band corresponding to a molecular weight of 76 000.
A shoulder on this band also suggested the presence
of a higher molecular weight of approximately 90 000.
In addition, a smaller band of higher molecular weight
eluted before either of these in the void volume. Elec-
trophoresis in SDS gave similar results, with bands
corresponding to molecular weights of 87 000, 100 000
and 170 000. Whilst there is some discrepancy be-
tween the two techniques for the molecular weights
of the monomer bands, the important point here is
that we could demonstrate with these preliminary
experiments that: (1) two monomer species were
present, not necessarily in a 1:1 ratio, and (2) a par-
ticle consistent in size with a dimer was observed.

Since the above experimenis have been performed,
considerable interest has been shown in the applica-
tion of the polyacrylamide gel electrophoresis tech-
nique to hemocyanin. Loehr and Mason [17] have
shown that the so-called 80 000 molecular weight
monomer of Cancer magister hemocyanin actually
consists of two different subunits of molecular
weights 76 00 and 84 000. Carpenter and Van Holde
[18] have studied C. magister hemocyanin by gel fil-
tration and sedimentation equilibrium in guanidine
hydrochioride, and have concluded that the poly-
peptide chains are no smaller than 70 000 to 80 Q0O
in molecular weight. Musray and Jeffrey [19] report
three different monomer units for the Australian
freshwater crayfish Cherax destructor, all with mo-
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lecular weights close to 75 QQ0. In the case of the
horseshoe crab, Linuwlus polyphemus, Sullivan et al.
[20] have reported five electrophoretically different
species of molecular weight about 66 000. We have
also been making fresh detailed electrophoretic stud-
ies of hemocyanin from two species, one being Jasus
edwardsii, and there are indications that subunit
heterogeneity is indeed present with both these soe-
cies. Our results, which will be discussed in detail
shortly [21], support, in essence, our earlier observa-
tions — that there is more than one “monomer’ unit
with molecular weight in the range 76100000, and
that a dimer of 160 Q00 is also present.

4.2, Corcrelar dichroism

The presence of divalent cations is known to sta-
bilize hemocyanin structures and prevent dissocia-
tion. Mg** has been used successfully for this pur-
pose with Cancer magister hemocyanin [22] and CD
spectra were also run in this work to assess the in-
fluence, if any, of this cation.

From an inspection of the circular dichroism spec-
tra of oxyhemocyanin in the 400—-700 nm region at
the 3 different pH values 7.0, 8.6 and 10.0 we see
that the spectrum at pH 7 is greater in magnitude
than those at either pH 8.6 or 10.0. The same trend
is also observed at these pH values when the spectra
of the oxyhemaocyanin in the presence of 0.01 M
MgCl, are compared. In addition, comparing the
spectra at each pH, we find that the spectra are con-
sistently slightly greater in magnitude when MgCl,
is present.

In common with other hemocyanin species [1,23},
the negative peak at 336 nm is the feature of spectra
in the 300 to 400 nm region. This band also decreases
in magnitude for oxyhemocyanin as pH increases, in
common with the 400—700 nm region. Also, at pH 7
and 10, the band is slightly greater in magnitude in
the presence of 0.01 M MgCl,.

Upon deoxygenation, the CD spectra in the 300~
700 nm region is observed to disappear, though small
residual amounts of ellipticity are observed to remain
unless the samples are very exhaustively deoxygenated.
Apohemocyanin, in which the copper had been re-
moved by dialysis against a buffered hemocyanin so-
lution at pH 7 in the presence of 0.01 M KCN, as de-
scribed by Cohen and Van Holde [24], also yields

no CD spectra, indicating the relation of the obsesrved
spectra in this region to oxygen binding with the pro-
tein,

The spectrum in the 260300 nm range has been
attributed to contributions from aromatic amino acid
side chains [20]. Three or four bands or shoulders,
all negative, are observed under most conditions used,
the peaks being located at 270, 280, 285 and 295 nm.
Negative bands have also been observed in this region
for other arthropod hemocyanins [22,23].

In the absence of MgCl,, the spectra at pH 7 and
8.6 show only minor differences, but at pH 10 the
magnitude of the spectrum in this range has dimin-
ished to a significant extent, presumably reflecting a
change in environment of the side chains when the
1685 particle breaks down into the 55 subunits. In gen-
eral, the deoxygenated bands are of greater magnitude
at a given pH than the corresponding bands in the
oxygenated form, this difference being greatest in the
270—-280 nm range.

In the presence of MgCl, . the CD spectra at all
three pH values show only small differences. Most
notable is the close similarity of the CD bands at pH
10 with those at the lower pH values, compared with
the diminished band at pH 10 in the absence of
MzCl,. Clearly, then, the Mg*™* has stabilized the 16S
structure, and this is borne out in the sedimentation
behaviour, where 168S particles are still observed at pH 10.

The deoxyhemocyanin bands are also greater in
magnitude in this region in the presence of MgCl,
than the corresponding bands in the oxygenated form.
Interestingly . though, the bands in the oxy- and de-
oxy-forms are closer together in the 270—-280 nm
region, and the 270—275 nm band is more finely re-
solved, when MgCl, is present. On the other hand,
the differences between oxy- and deoxy-bands are
greatest in the 280—290 nm region in the presence
of MgCl,. The differences in the CD spectrum in the
presence and absence of Mg*™" at different pH values
clearly indicate that a perturbation of the aromatic
side chains by MgCl, definitely takes place.

At pH 11, we observed only a small CD band in
this region in the oxygenated form, and no measur-
able signal in the deoxyvhemocyanin. Apparently, the
asymmetric environment of the aromatic side chains
has been almost totally lost at this pH. This effect
was also observed with Carnicer magister hemocyanin
[22].
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The CD spectra in the 260300 nm region at pH
7 and !0 and in the presence of 0.01 M MgCl,
showed quite a striking difference with apchemocy-
anin. At pH 7, the apohemocyanin spectra was ob-
served to lie between the corresponding oxy- and
deoxy-bands, but at pH 10 the apo spectrum was on-
ly about 25% of the magnitude of the corresponding
oxy- and deoxy-bands. This observation implies that
there are significant interactions between the copper
and the aromatic side chain groups; perhaps it is these
interactions that are stabilized by the presence of
divalent cations such as Mg**. Nevertheless, when
the copper has been removed, the presence of Mg™*
cannot by itself stabilize the aromatic amino acid
conformation sufficiently at the higher pH to pre-
vent diminution of the CD band.

The positive band observed at 250 nm is common
to both molluscan and arthropod hemocyanins
(Nickerson and Van Holde [23]). In our experiments,
there was some variation in the magnitude of the peak
under differing conditions of pH and MgCl, concen-
tration. At pH values 7.0, 8.6 and 10.0, the 250 nm
peak was smaller in magnitude in the presence of 0.01
M MgCl,. At all four pHs studied the deoxyhemo-
cyanin band was always greater in magnitude than in
the oxy-form, in both the presence and absence of
MgCl,. At pH 11, where some change in the tertiary
structure has taken place, (at least suftficient to vir-
tually eliminate oxygen binding and change the con-
formation of amino acid side chain groups), the 250
nm band has increased in magnitude compared with
the values observed at lower pH values. Apohemo-
cyanin, at pH 7 in the presence of 0.01 M MgCl,, dis-
plays a 250 nm band similar to deoxyhemocyanin
under the same conditions. However, at pH 10 this
band is considerably diminished in magnitude.

The origin of the 250 nm band has been discussed
in some detail by Nickerson and Van Holde [23].

On the vasis of experiments involving the addition

of N'bromosuccinimide to Busycon hemocyanin, they
suggest that histidine is involved. Furthermore, they
suggest that although the band is strongly influenced
by the state of the binding site, it does not arise from
a chromophore which is part of the binding site. We
believe this is also the case in Jasus hemocyanin. The
influence of the state of the binding site can be seen
in the differences in magnitudes of the band in the
oxy- and deoxy-forms. The observation of the band

even in apohemocyanin argues that it does not arise
from the oxygen binding site itself. The presence of

an apohemocyanin band at 250 nm has also been ob-
served for Loligo hemocyanin by DePhillips et al. [25]
and for Cancer magister hemocyanin by Ellerton [22].
Thus, although molluscan and arthropod hemocyanins
have many physical differences, the band at 250 nm
suggests at least one similarity in structure in _he
vicinity of the active site.

The negative band at 220 nm is regarded as a meas-
ure of secondary structure of the protein. There is a
small but consistent difference between the oxy- and
deoxy-forms at the four different pH values studied,
indicating that oxygenation does cause some small
change in the helical content of the polypeptide. The
helical content does not drastically change on removal
of copper either. It is particularly interesting that
there is only a small change in magnitude of the 220
nm peak even at pH 11, where the changes in the
bands between 250 and 300 nm were so pronounced.
Thus, although the conformation of side chain groups
has been influenced considerably at the higher pH,
the helical regions of the protein’s structure are large-
ly unaffected.

4.3. Oxygen binding

Qur oxygen binding studies show two effects.
Firstly, there is a change in oxygen binding coopera-
tivity at higher pH, as shown by the decrease in the
value of the parameter n from the Hill equation. Be-
tween pH 6.1 and 8.8, the value of 7 changes very
little from the maximum value of 3.7 observed, but
at pH 1G.6, 1 = 1.95, even though the 168S particle is
still the main species in the presence of 0.01 M MgCl,.

Secondly, there is a pronounced Bohr effect, re-
sulting in a shift in the oxygen binding curve at dif-
ferent pH The binding curve shifts to lower oxygen
pressures at pH 8.8 and 10.6. At pH 8.8, the hemo-
cyanin is still in the 16S form, and the value of n =
3.5, so the shift is due to the effect of pH as there is
no dissociation of the protein. It is interesting to note
that our oxygen binding curve at pH 7 is similar to
that of Moore et al. [5] using whole Jasus novachol-
landige serum . t pH 7.2, which they reported con-
tained 0.01 M Mg*™ on analysis.

It is of particular interest to compare our data
with that of Johnston et al. [12] for the spiny lob-
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ster Panuliris interruptus. This northern hemisphere
species is similar to the Jasus lalandii group in that the
hemocyanin is found mainly in the 168 form under
physiological conditions, dissociating to a 55 subunit
at higher pH, Values of n = 3.29 and 3.33 at pH 6.6
and 8.0 respectively were reported, with a Bohr shift
aver this range. It was concluded that the Bohr effect
and dissociation into subunits are independent. These
results and conclusions for Panuliris hemocyanin are
in concurrence with our observations with Jasus.

The oxygen binding data for both Jasus and
Panuliris nemocyanin may be contrasted with the
recent study by Miller and Van Holde on the hemo-
cyanin from the shrimp Callianassa californiensis [26]
This species gives a very strong Bohr effect, shown
by a wide variation of P5 over the raage of pH 7 to
8.8. Miller and Van Holde discussed their observations
in terms of the physiological signific.ce that Callia-
nassa spends much of its time burieq in muddy sand.
On the other hand, the maximum value of the Hill
coefficient for Callianassa over this range is 3.57 at
pH 7—-8, and from their data they suggest that the
cooperative unit is the 175 hexamer. Thus, although
it may be concluded that differences in physiological
environment of Callianassa and Jasus are reflected in
differences in their respective Bohr effects, the com-
parable maximum values of the Hill coefficient in each
species reflects the similarity of the two in having
hexamers as the cooperative unit. It is yet to be un-
derstood why the hemocyanin of Jasus assaciates
mainly to a 168 particle whereas higher aggregations
are found with most other arthropod hemocyanins.
It is hoped that work presently being carried out in
our laboratory will provide additional insight into
this problem.
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