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Abstract

A previous report showed that binding of oxygen to the 24-meric hemocyanin #omalifornicum does not
correlate linearly with the release of protons as known from hemoglobin. However, this unusual complex
phenomenological observation could not be explained at that time. Here, | present a full analysis of the thermodynamic
coupling between protons and oxygen for the 24-meric tarantula hemocyanin in Ringer-solution based on the Nested-
MWC-model. A strategy is presented which allows to reduce the number of free parameters when fitting the model
to the data by including explicitly the equilibrium constants for binding of protons to the different conformations.
The results show that the Nested-MWC-model presents a good description of the cooperative and allosteric properties
of spider hemocyanin also under physiological conditions and additional constraints imposed by proton-binding data.
The analysis allowed to estimate the average number of allosteric proton-binding sites per subunit and the
corresponding [ for each conformation. Furthermore, an estimate of the number and affinity of proton buffering
binding sites could be given. Approximately 80% of all proton-binding sites are non-allosteric buffering binding sites.
The results obtained in this study allow to predict the relative contribution of the four different conformations under
conditions found in vivo The conformational distribution indicates that the conformation with the highest proton
affinity (zR) might be important for the proton transport in the hemolymph.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction binding properties of hemocyanins are modulated
by a number of organic and inorganic effectors
Hemocyanins are respiratory proteins found in [5-14. Among these, protons play a dominant
the hemolymph of some molluscs and arthropods. rple, since pH changes occur in response to both
In arthropods these large protein complexes occur enyironmental and metabolic factors. Thus, for
as multiples of hexamers such as<@, 2x6,  most hemocyanins the Bohr-effect was experimen-
4x6, 6x6, 8x6 [1-4. Each monomeric subunit tally determined15—29. The slope of log g, vs.
contains one oxygen-binding site. The oxygen- log pH yields the Bohr-coefficient as a measure of
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found (for an overview see Ref15]). Protons are
the only effectors found so far, which increase the
p50 of hemocyanins, all others decrease this value.

The cooperative oxygen binding of a number of
hemocyanins was well explained in terms of con-
certed models such as the MWC, the three-state
MWC or the Nested-MWC-model21,23-28.
Common to all concerted models is that different
conformations are postulated, which are character-
ised by their specific ligand- and effector-binding
constants. Presence of ligand or effector induces a
shift of the conformational distribution. Thus, the
allosteric equilibrium constants as obtained from
the analysis of ligand-binding curves are a function
of the effector concentration. The X%-meric
hemocyanin fromH. americanus and the 4<6-
meric hemocyanin fronk. californicum may serve
as a typical example. Here, it was shown that the
pH value only influences the value of the allosteric
equilibrium constants in the framework of the
Nested-MWC-model, while the oxygen-binding
constants for the four conformations are independ-
ent on pH ranging from 7.0 to 8.R26].

Due to the thermodynamic coupling between
protons and oxygen, the observed change in oxy-
gen saturation upon change in proton concentration
necessarily implies that a change in oxygen con-
centration leads to a change in proton saturation.
However, only for one hemocyanin, the binding
and release of protons were reported, the hemo-
cyanin fromE. californicum [29]. In contrast to
studies performed on hemoglobifdQ], the pro-
ton-binding behaviour of this hemocyanin is char-
acterised by a non-monotonous response to the
change in oxygen concentration. No attempt was
made so far to interpret these data in the frame-
work of an allosteric model. Here, | provide a full
analysis of the thermodynamic coupling between
protons and oxygen for the>d6-meric hemocya-
nin from E. californicum based on the Nested-
MWC-model. Thus, for the first time for any
hemocyanin, the proton-binding properties of the
different conformations relevant for establishing
cooperativity are characterised and the conforma-
tional distribution of spider hemocyanin for phys-
iological conditions is predicted.
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2. Experimental

Hemocyanin from the spideE. californicum
was obtained and purified as described elsewhere
[31]. Measurements were performed in solution
containing physiological ion compositioi210
mM NacCl, 2.6 mM KCI, 0.4 mM MgCJ , 4.2 mM
CaCl,, referred to as Ringer-solution further)on
in absence of additional buffering system.

Proton release and uptake data were taken from
[29]. Oxygen-binding curves were determined
employing the change in the absorbance at 339
nm using the same instrument as used for the
measurement of proton release and uptake. Protein
concentrations ranged between 25 and 45
mg ml~*. No higher aggregates than thex @-
mers were detected in significant concentrations
based on analytical ultracentrifugation and size
exclusion chromatography.

Buffer capacity measurements were performed
under oxygenated conditions, by titrating 0.1 M
NaOH solution in small increments and measuring
the pH after equilibration. Since the solution was
equilibrated with air, the buffering capacity was
corrected for the contribution of bicarbonate based
on a partition coefficient of 0.04 mM Tort and
a pK of 6.14. The concentration of hemocyanin
was 37 mgmt?t .

3. Theory

The oxygen-binding properties of hemocyanin
can well be explained based on the concerted
MWC-model or variants like the Nested-MWC-
model or a hybrid-model21,23-28. Although
this type of model is characterised by a relatively
small number of free parameters compared to
sequential models, numerical coupling between
pairs of parameters frequently occurs, leading to a
significant uncertainty in the values of the corre-
sponding parameters. This versatility can be
reduced when different types of data like oxygen-
and effector-binding data are analysed simultane-
ously. For concerted models the effector-binding
constants can be included explicitly into the func-
tion describing ligand binding via the allosteric
equilibrium constants. The values for the effector-
binding constants obtained by analysing oxygen-
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binding data at different effector concentrations

can then be compared with results obtained by R ——»
analysing effector-binding data directly. This strat- Y
egy is followed in the present analysis of the Ir
allosteric effect of protons on the oxygen-binding \4
properties of 24-meric hemocyanin fronk. kR, ZiR
californicum.
kir. Zir
3.1. General form of the Nested-MWC-model 8
Ir
The saturation of hemocyanin with oxygen and \ J

protons is described in terms of the Nested-MWC-

model (Fig. 1). The general binding polynomial  Fig. 1. Nested-MWC-model. The nativex2.2-mer can adopt
for a 2x12-mer such as the hemocyanin frdin two different overall quaternary structurésand7. The equi-

californicum, including explicitly the proton-bind- I[i;b]rit/“[?e]beTt\r,]vein thflfze is gi\;en bylthe i@llllloite_ric thnsfaﬁht
; PR . The two 12-mers form also allosteric units, whose
ing constants is given by subunits can adopt one of two possible conformatiefiand
T within the T state,rR and ¢R within the R state. The con-
P=(QrR*"PrR*>+ IR QtR*®"PtR*?? formational equilibria are given by the respective allosteric
constantsR=[tR]/[rR] for the transition within theR state
+ A""(Qrle’"Prle—i-lT””Qtle’”Ptle)z and [T = [(T]/[rT] within the T state. In all cases the allosteric

constants describe the ratio of the unliganded fofa@. Each
5 of the four possible conformations is characterised by an oxy-
(1+[R°) gen-binding constark,; and an average proton-binding con-
m stantz,g, af =R, R, rT and!T.

00 — [ 00
stants and the stoichiometnry have to be regarded
as ‘apparent’ parameters, since it cannot be exclud-
ed that proton-binding sites with differentkp
aB=tT, rT, rR, 1R (1) values are involved. However, this cannot be
resolved in the framework of the present analysis.

PaB=1+kan QaB=1+ZaBy

The oxygen concentration is given by the
proton concentration by. The oxygen-binding 3.2 Samration function for oxygen- and proton-
constants for the four conformations are denoted pinding
by kT, ktR, krR and krT, the proton-binding

rium between the four conformations in absence (i) and with respect to protons,,,) is given by
of oxygen and protons b§°°, IT°°, IR°° with the following relationg32]:

[T()U] [tToo] [tRuo] _ aln P _ aln P
= [R° = 2 x=
[Rao] [rToo] [rRoo]

(3

Here, the brackets denote the concentration of When oxygen-binding curves with a constant
allosteric units in the different conformatior{s7], concentration of free effector are analysed, the
[rT], [tR] and[rR] for the 12-meric allosteric unit,  effector binding polynomial€Q,z) are constant,
and [T], [R] for the 24-meric allosteric uni€see and can therefore be included into the allosteric
also Fig. 2. equilibrium constants, yielding apparent, effector-

The average number of proton-binding sites per concentration dependent allosteric equilibrium
subunit is denoted by:. The proton-binding con-  constants. Then, the binding polynomial relevant
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for the description of the oxygen-binding data is between the allosteric binding sites, the non-allo-

given by steric buffering sites and the free protons in solu-
tion. The only quantity, which is available
P=(PrR*?+IR?*PtR 132 experimentally, is the free proton concentration.
Therefore, in order to analyse the measured change
+ APPRPFT 124 [T 2PPT 1 (4) in free proton concentratioff/;] due to change in
oxygen partial pressure, a function of the form
OtR?" OiT?" [H{] = f(pO,) is needed. Mass balance for protons
[R#PP= ZRWW ITePP= lT"”W leads to the following equation
QrT?4n [Hiod = [H/] +24[Hc){m X Jano+ b X Youse} (6)
Aapp: Aou o
OrR

Here, the saturation degree of the allosteric
proton-binding sites is given by,, and is a

constants indicates that these are the values infunction of both [#] and pO,. The saturation
absence of oxygen and protons. Since no data indegree of the buffering proton-binding sites is
absence of protons are available, for practical denoted byyns and is a function df#] only.
reasons, pH 7.8 was chosen as reference state and € concentration of 24-meric hemocyanin is giv-

indexed ©’. The allosteric equilibrium constants €N by [Hc]. Each subunit contains: allosteric
at any other pH value are given by binding sites andb buffering binding sites. The

total proton concentratiofH,,] is not known a

priori, but can be substituted by the mass balance
1R=1Ro[%wjnm lT:ﬁn(%wrzm (Eq. (6)) in absence of oxygen. In absence of

OrR QrR.0 orT OtT 0 oxygen, the proton concentration [i#;,] and the

saturation degree with respect to protons is denoted
BY Yaioo @Ndypuri. , respectively. However, E(G)
still cannot be rearranged into a algebraic function
[H{]=f(pO,) in the present form. Therefore, the
Qupo=1+zuplH" ], 1y oB=IT, T, iR, rR saturation degree of the buffering proton-binding

sites is approximated by a Taylor-series. This
approximation is allowed, since the experimental
change in free proton concentration upon change
in oxygen concentration is very small. Thus, one
may write

The index oo’ at the allosteric equilibrium

€

24m
A — Ao[@ wj

QOrR QrT,o

The analysis of oxygen-binding curves (non-
buffered Ringer-solution was performed based on
Eq. (4). It was assumed that the values@f, are
constant during oxygenation. Indeed, the change
in pH is so small that any influence on the value
of the allosteric equilibrium constants can be & _ ~ Kt A[H]] )
neglected. The small change in pH is a conse- > Ybufte (1+Kourl Hp])>
guence of the large buffering capacity of hemo-
cyanin  due to additional, non-allosteric A[H=[H,—[H},]
proton-binding sites.

. . . KounlHyo]
3.3. Inclusion of non-allosteric proton-binding Voutto=

sites 1+ Kpu[Hp,)

The change in average proton affinity of hemo-  Using this approximation fow,,; , substituting
cyanin in response to oxygen binding leads to a [H,,] and rearranging Eq6) yields the following
redistribution of the total amount of protons expression:



N. Hellmann / Biophysical Chemistry 109 (2004) 157-167 161

A[H]= = Quuridy  AYaio=Yalo—Yaliao b were fitted to the titration data for each value of

. 24m[Hc] _m.The fitting procedures were performed employ-
Q™ L a2 0 W comanearregresson package
br=p——ou (8) 4 Results

(1+ KpurHyo])?

In order to understand the complex interaction

Thus, the measured change in free proton con- of spider hemocyanin with protons and oxygen,
centration corresponds to the change in concentra-oxygen-binding curves obtained at pH values of
tion of protons bound to the allosteric binding 7.3 7.6 and 7.8 and the change in the pH value
sites, reduced by a fact@h,,. This factor depends  ypon changes in oxygen partial pressure at pH 7.4,
on the hemocyanin concentration, pH at the begin- 7.6 and 8.0 were analysed based on the Nested-
ning of the experimentH;,], buffering affinity ~ MwcC-model. The four conformations of the Nest-
Ky @nd number of buffering binding sités ed-MWC-model are characterised by four

When Eq.(8) is fitted to the data, a strong proton-binding constanté7T, ztR, zrR and zrT),
correlation between the values for the number of the stoichiometry for proton bindingm) per
proton-binding sitesm and the values for the  subunit, four oxygen-binding constant&:T, kiR,
proton-binding constant&:7, ztR, zrR andzrT) is krR and krT) and three allosteric equilibrium
observed. Thus, the analysis was performed for constants(see also Fig. I The non-allosteric
different values ofm (Fig. 3). The most likely  proton-binding behaviour is characterised by an
value form was then determined by Comparison average bmdmg constaft, and the Correspond-
with the results from analysing the total buffering ing stoichiometryb per subunit. The non-allosteric
capacity of hemocyanin in the oxygenated state proton binding was explicitly included into the

for different values ofn. allosteric model describing proton release and
uptake (Eg. (8)). By a stepwise, simultaneous
3.4. Analysis of total buffering capacity analysis of the six data sets in Fig. 2, it was

possible to determine a set of binding parameters
In order to determine the overall buffering which are valid for both types of data sets as
capacity under oxygenated conditions, a solution summarized in Table 1. The calculated curves
of hemocyanin at given starting pH was titrated based on these parameter values are also depicted
with NaOH and the corresponding change in pH in Fig. 2. Obviously, the Nested-MWC-model is

was measured. For each equivalenf®@H~] ions, able to describe both proton-binding and oxygen-
the same amount of protons is removed, thus binding behaviour of hemocyanin frof califor-
yielding nicum in Ringer-solution. The values for the
oxygen-binding constantsrR and k7T were set
—A[OH"]=A[H]bound constant to the values obtained in the analysis of

the binding data in presence of TRIS-buff@3]
(krT=3.5 Torr* andkrR=2 Torr 1). These val-
ues had to be set constant, because they were not
well defined by the present data. The remaining
For the data analysis, the contribution &%, two oxygen-binding constants and the allosteric
was calculated based on the values for the allo- equilibrium constants were well defined, when
steric binding constants obtained in the analysis of both type of data sets were used for the analysis.
the proton release and uptake. This was performedThe oxygen-binding data alone, or the data for
for different stoichiometriesm=1, 2, 5 and the proton release and uptake alone are not sufficient
non-allosteric proton-binding parameteg,; and to determine all the allosteric binding parameters.

= [mA_)Tallo + bAy_buﬁ]24 [HC] (9)
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Fig. 2. Proton- and oxygen-bindin@anel A: pH dependence
of oxygen-binding curves in Ringer-solution. pH values: 7.3
(circles), 7.6 (triangles and pH 7.8(squares. Panel B: The
change in pH upon oxygenation was determined in Ringer-
solution at pH values 7.4circles), 7.6 (triangles and 8.0
(squarey, data are as shown if29]. The lines correspond to
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Table 2
Results of analysis of total buffering capacity

m=1 m=2 m=5 m=10
Koust 0.008 0.006 0.003 <0.00026
B 11 10.8 9 >18

The errors forKy,, are approximately 30%, fab approxi-
mately 10%. Foim =10, K.z and b are correlated, thus only
upper and lower limits can be given.

4 6 8
No of allost. sites

Fig. 3. Dependence of the proton-binding affinity on the stoi-
chiometry. Since the value of the proton-binding stoichiometry
(m) cannot be determined based on the data set shown in Fig.
2, the analysis was performed for different valuesiofThe
values for the protein affinity strongly depend an All other
parameters depend only weakly an(not shown.

fits based on the values in the range as given in Tables 1 and binding constant:T, ztR, zrR and zrT decreases

2 (m=2 non-allosteric proton-binding sites

The stoichiometry of proton binding: cannot

with increasing stoichiometryn. However, the
order of affinity of the four conformations is
independent on the stoichiometryrT<zrR<

be determined unambiguously based on the anal-z:T<zzR. The conformation with the lowest affin-
ysis of these six data sets. Thus, the analysis wasity for protons is conformatiorvT. The values

performed for a range of valuds:=1, 2, 5, 10
by fitting the corresponding equation to the data.
The result is shown in Fig. 3. The value for each

given for the affinity of this conformation are
upper values, since no lower limit could be deter-
mined. The upper value was defined as the value,

Table 1

Allosteric equilibrium and binding constants for the oxygen- and proton-binding of hemocyanirEfroadifornicum

Allosteric equilibrium Oxygen-binding constants Proton-binding constants pK
constants (nM~1)

log IR’ 17.9+0.2 kT 0.008+0.002 T 0.080+0.005 7.9
log A° —-2.540.1 kiR 0.035+0.01 ZtR 0.124+0.01 8.1
log IT° 21.9+0.5 krT 3.5 T <0.02 <73
log L* 5.2+0.6 krR 28 ZrR 0.055+0.005 7.7

The values are based an=2 allosteric proton-binding sites per subunit. Errors are based on the variation of the values in the

different steps of analysi§*L calculated fromAo, ITo, IRo; Sset constant to values as found in presence of TREp).
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9.0

Fig. 4. Buffering capacity of hemocyanin in Ringer-solution.
The buffering capacity was determined based on titration of an
oxygenated hemocyanin solutiéapen circles. The data were
analysed as described in the text for different values of proton-
binding stoichiometry(m), yielding a buffering constant and
the number of buffering proton-binding sites per subunit for
each value ofm (Table 2. The total buffering is shown in
black. The contribution of the allosteric binding sites based on
the Nested-MWC-model are shown in grey for each value of
m.
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as indicated by the analysis of proton release data,
and agree within the error ranges.

5. Discussion

The regulation of hemocyanins by protons and,
depending on the species, a variety of other organic
and inorganic effectors, is a well-known effect.
The analysis of oxygen-binding curves at different
pH values in buffered solutions indicated, for a
number of hemocyanins, that concerted models
such as the MWC-model or the Nested-MWC-
model are suitable descriptions for the cooperative
and allosteric binding behaviour respecting the
hierarchy in structur¢21,23—-28. In these models,
the protein can adopt different conformations,
which differ in their affinity for ligands and effec-
tors. These conformations are responsible for the
cooperative and allosteric properties, and therefore
for the correct functioning of the oxygen carrier.
In order to understand the mechanism of cooper-
ative and allosteric regulation, these conformations
need to be characterised in terms of their ligand-
and effector-binding properties. While the oxygen-

which led to a decrease in the quadratic regressionpinding affinity of the different conformations was

coefficient of 0.0002. The values of the other three
proton-binding constants did not strongly depend
on zrT. The buffering binding constant and the
total number of non-allosteric binding sitd®)
were only weakly depending on in this analysis:
b=17+5 and K, ,=0.033+0.009 nM™ 1, corre-
sponding to a [ of 7.5. The values of the oxygen-
binding constants and the allosteric equilibrium
constants did not depend an

In order to get an estimate of the value far
the buffering capacity of hemocyanin frorA.
californicum was measured directly under oxygen-
ated conditions and analysed based on E).
with fixed values form, yielding values forKy,
andb for each value ofn. Data, fitted curves and
the contribution of the allosteric sites to the buf-
fering capacity are depicted in Fig. 4. The value
for K.« decreased with increasing. The com-
parison of these values foK,, with those
obtained before(Table 1 supports small values
for m, yielding Ky.=0.008+0.003 nM*. The
number of buffering binding sites per subunit is
approximately 1¥1 (m=1, 2) as inferred from
the direct measurement and approximately-57

determined forE. californicum and a number of
other hemocyanins, reports on the affinity of effec-
tors are only available for organic effectors such
as uratg7,11,19. In none of these studies, binding
of an effector is included into an allosteric model
for cooperativity. However, this strategy would
provide a stringent test of the applicability of
concerted models.

Hemocyanin fromE. californicum is one of the
best-investigated hemocyanins in terms of oxygen-
binding properties. It has been shown that the
Nested-MWC-model is well suited to describe the
oxygen-binding properties in TRIS-buffered solu-
tion [26]. However, it turned out that TRIS acts
as an effectof33]. The only physiological effec-
tors identified so far are protons and possibly
water [34]. In this study, | present an analysis of
the cooperative oxygen binding of this hemocyanin
including the allosteric and non-allosteric binding
of protons.

5.1. Oxygen- and proton-binding

Both types of data sets analysed in this study
(oxygen- and proton-binding curves, obtained in
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Ringer-solution can be described by a common able [34]. When these data were analysed based
set of oxygen-binding, proton-binding and allo- on the three-state model without any constraints,
steric equilibrium constants. The set of oxygen- an agreement comparable with that found for the
binding constants obtained are in good agreementNested-MWC-model was observed. However, the
with the values determined for TRIS- and HEPES- highest affinity(Kx=0.714+0.11 Torr*) was too
buffer. This result supports the applicability of the low to be in agreement with the data obtained at
Nested-MWC-model for physiologically relevant high pH values(K,=3.44+0.2 Torr ). WhenKy
conditions as in Ringer-solution. Furthermore, the was constrained to this value in the analysis, the
explicit inclusion of proton-binding parameters sum of the squared residuals was approximately
into the analysis presents a much more stringent twice as large as that for the Nested-MWC-model.

test of the applicability of the Nested-MWC-model

Furthermore, the oxygen affinity of the interme-

than the analyses employed so far, where no diate affinity (Ks) did not agree for the two data

restrictions for the values of the allosteric equilib-
rium constants were imposed.

One might consider simpler models for the
description of the function of hemocyanin frafh
californicum with a smaller number of independent
parameters. The simplest concerted mocke
MWC-model [35]) was ruled out already
[25,26,38. Models that have a degree of complex-
ity between the MWC-model and the Nested-
MWC are the hybrid model[27,37 and the
three-state  MWC-model[38]. The three-state
MWC-model is characterised by three conforma-
tions (7, S and R) that are available for the
allosteric unit. In order to check whether the data

sets (Ks=0.087+0.01 Torr! for the data with
Glycine andKs=0.044+0.01 Torr'! for the data

in Ringer-solution. Thus, the three-state model
seems to be applicable for sub-sets of the data
available for oxygen binding of hemocyanine from
the spider fromkE. californicum, but not for all
data simultaneously. In contrast, several observa-
tion points towards the Nested-MWC-model as a
suitable description of cooperative and allosteric
binding properties of this hemocyanin. An analysis
of the isolated 12-meric molecules showed that
the values forK, and K, in the Hill-plot are very
similar as those found for the R-state of the native
24-mer. Furthermore, CO and oxygen binding and

presented here can be described by this model asthe competition between these two ligands could
well, the analysis was performed for an allosteric well be analysed based on the Nested-MWC-model
unit consisting of 24 subunits. The choice & [25], with essentially the same set of four oxygen-
24 was based on a detailed investigation of the binding constants as for the pH dependence in
binding behaviour of the 24-meric native molecule TRIS [26], the dependence on TRIS- and Glycine-
in comparison to intermediat€49- , 12-, 7- and  concentration at pH 7.8[33,34 and the pH
6-mer9 which showed that full cooperativity is dependence in Ringer-solution including proton
established only for the native 24-meric molecule release and uptake.

[39]. The pH dependence of the affinity of oxygen On the basis of the present analysis, for the first
binding at very low and very high saturatidi, time estimates for the proton affinity of the differ-
and K,, in the Hill-plot) showed independently of ent conformations of a hemocyanin are given. The
any model that the maximal affinity of the 24- data for proton release and uptake of spider hemo-
meric molecule wask,,=3.4 Torr ! [26]. Thus, cyanin showed a remarkable non-monotonous
the highest affinity in the three-state modéy) response to a change in oxygen saturation in
was constrained to this value. Indeed, the six contrast to vertebrate hemoglobin, where a linear
curves in Fig. 2 can be analysed reasonably well response was reportefB0]. This behaviour is
based on this approach. In order to check whetherreflected in the order of affinities for protons for
the three-state model is applicable in general to the different conformationszrT<zrR <ztT <ztR
this hemocyanin, data obtained at different Gly- (Table 1. This order in the proton affinity of the
cine-concentrations were also re-analysed. Thesefour conformations is obtained regardless which
data could be analysed based on the Nested-MWC-stoichiometry for proton binding was assumed.
model in full agreement with all other data avail- The proton-binding affinities of the four confor-
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mations do not cover a broad range.02—0.12

nM~1, pH 7.3-8.1, Table ). giving a factor of (@42 Ry __Fa Rest. pH 7.5
approximately 6 between the lowest and the high- tT
est affinity. For comparison: the factor between 1.0
the lowest and highest oxygen affinity is approxi-
mately 300.

A total amount of approximately 12—19 proton-
binding sites per subunit are present: 1-2 allosteric
and 11-17 non-allosteric sites. The average bind-
ing affinity for the buffering binding sites is
between 0.008 and 0.03 M , corresponding to a
pK of 6.9-7.5. The range of ¥ values for all
types of proton-binding sites indicates that only
histidines are involved in proton binding. Indeed,
spider hemocyanin offers approximately 30 histi- ) pH7.0  recovery pH7.25
dine residues per subunit mostly located on the ZPV' 0eo: iy, recoy. Pa, recov.
surface. When the sequence obtained [#§] is :
modelled on the crystal structure bfpolyphemus, 1.0 I
approximately 50 histidines of the hexamer are
classified as medium or well exposétased on S 0.8 1 T\ 4 R
Swiss-PDB-VieweY. Thus, a large number of pro- T | e )
ton-binding sites is not contradicted by the & ! //

saturation

et = “.—'.’ L= - —
20 40 60 80 100
pO, [Torr]

© o o o o
o M » o

o

'"'t-R' ..... .

©
sequence data. 20411 i\
The major fraction of proton-binding sites are 0211 :/
non-allosteric, buffering binding sites. The buffer- -
ing capacity of purified hemocyanin is approxi- 00 5" =0~ — 40 60 80 100
mately 3 mM per pH at a hemocyanin pO, [Torr]

concentration of 40 mg mt . In contrast, values

rgported for diluted hemqumph are up to tWOfOId Fig. 5. pH dependence of the conformational distributium-

higher and apparently did not correlate with the ; A: resting conditions, pH 7.5anel B: after locomotior(left

total protein concentratiofd1]. Thus, in the hem-  side, pH 7.0 and at recoveryright side, pH 7.5. The grey

olymph additional protein buffering components lines correspond to the total saturation with respect to oxygen.

are present. The most likely candidate is the non- The black line corresponds to the conformations as indicated.
. . . L. . The grey bars indicate oxygen partial pressiuenousp, and

respiratory protein. This protein Is fOL_md in the  4iterialp,) under conditions as given in the figures.

hemolymph ofE. californicum with varying con-

centrations up to 20% of the total protein content.

Its function apart from a possible role in proton and recovery, Fig. Sbis shown. Venous and

buffering is not yet known. arterial oxygen pressure under rest and recovery
as determined by16] are also indicated.
5.2. Physiological considerations Under rest, where hemocyanin does not trans-

port much oxygeri42], only conformations7 and

Since now the allosteric parameters in physio- (R are present in significant amoun{fig. 5a.
logical Ringer-solution are available, the fraction The two remaining conformation® andr7T would
of molecules in each of the four conformatiafis be populated only at higher oxygen pressures,
tR, rR and rT can be calculated for various phys- which seem not to be of importance in vivo at
iological conditions. This is shown in Fig. 5, where rest.
the conformational distribution at pH 7&nimal After locomotion, the pH value drops to approx-
at rest, Fig. 5aand pH 7.0pH 7.25 (locomotion imately 7 in venous regionfeft part in Fig. 50
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and to approximately 7.25 in arterial regiofrght
part in Fig. 5b. The arteriapO, increases directly
after locomotion to approximately 74 Torr, allow-

ing a significant saturation of hemocyanin despite

the lowered pH value. The venow®, drops to
approximately 5 Torr shortly after locomotion and
increases then to approximately 20 Tolt6].

Under these conditions hemocyanin can transport
oxygen from the lungs to the tissue, since the
saturation degree drops from approximately 80 to

40% between 20 and 74 Torr. Conformatia® is

populated mainly in the lung, whereas conforma-

tion tR dominates at the tissue.

Conformation tR has the highest affinity for
protons, and is populated over a brq#d,-range.
Thus, this conformation might play a role in the

transport of protons from the tissue, where protons

accumulate due to-lactate formation, to the lungs,

where the pH can be regulated by €O -emmission
[43].

In contrast, conformation? is not utilized

under any of the afore mentioned conditions.

However, when the pH is further increased, this
conformation becomes
Thus, under conditions, where the animal experi-

ences alkalosis, conformatiorf’ might become
important.
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