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The properties of the histidine residues in Helix pwtutia hscmocyanin hwe been studied by differential hydroscn ion 
titrations. in oxy-and deoxyhaemacyanin 31 X IO-’ histidine residues per g protein xe titrated in mntrast to 35 x lo-’ 
reddues in apohaemocyanin. The difference earresponds to a stoichiometry of one histidine residue per copper atom 
bound. Even in apohaemocyanin about 6 X IO-’ hiaidine residues per p protein are not tiwated in thck normal plC region 

In fhe presence of sufficient cakium to displace the dissociation mmpletely out of the titration region. the titration 
curve of apohacmocyanin could be linarized acmrdiw to the model of LinderstrSm-L?ng. In oxy- and dcoryhaemo- 
cyanin. however,a distinct deviation from linearity rvas found uilrler the same conditions. In the absence of uidum the 
effea of the dissociation adds up to this deviation. 

The electrostatic interaction factors were determined for the protein at 0.1 $1 KCi and for the diswciation products: 
haives and tenths at 1 D M KCL. The ekctrostatic interaction factor for the wholes and the haIves are much smaller than 
the v&es mlculated from the Linderstrbm-tin, equation, using the radius of the equiwlent sphere either obtained from 
electron rniuosa~~y or from the pucial specific ~Iurne. This is probably due to solvent penetration. For the tenths at 
1.0 XI KCI. this efiect is small. _ - 

1. Introduction 

The haemocyanin of fieli?c porn&n has a molecular 
weight of 9 X lo6 [l] between pH 4.5 and 7.3. Out- 
side this pff region a dissociation occurs into halves 
and tenths [2] and even fufiher into twentieths. The 
tenths and twentieths exist in a compact and loose 
proration I31 depending on the ionic strength. 
Within the pH-stability region a partial dissociation 
into halves can be obtained under the ~~uen~e of 
alkali halides 141, reveaiing the presence of two corn- 
ponents, the ~-~~rn~cya~~~ that dissociates corn- 
pletely and the &component that does not. The a- 
~e~~a~ it& seems to show ~~oheterogeneity 
as the dissociation does not fallow the law OF mass 
action and gives an ~0~0~ pattern in the analytical 
uItracentrifuge [4,61_ Inside the pEWability region a 
dissociation into h&es and tenths can be obtained by 
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ethoxyformylation of the histidine residues 171. Alka- 
line earth ions extend the stab&y region to higher 
pH values [S]. The protein binds 360 copper atoms. 
The ligands of copper are not known with certainty. 
Evidence from phorootidation, ethoxyformy!ation 
and titration [7 -13 1 points to hist%line residues. The 
protein binds also 180 moIecutes of oxygen. This 
binding creates an absorbance at 346 and at 580 nm. 

The binding of oxygen shows coopzrative satura- 
tion curves at pH values higher than 75 but only in 
the presence of caIcium (81. AI1 these different func- 
tionai aspects of haemo~ya~~ show a strong influence 
of pH and occur in a region where the histidine resi- 
dues are titrated. 

In the present study differet.tial hydrogen ion ti- 
trations were used to accurately determine the IWM- 
bet of accessible histidine residues in both haemo- 
cyanin and a~haemocyani~. 

The titration curves were also analysed according 
to the modei of Quderstrdm-Lang. Although this 
model is very simplied, it is in general very success- 
ful in the linearization of titration curves. The effect 
of dissociation, which is expected to have a profound 
influence on the titration, is anaiysed as well as the 
effect of catcium which extends the pHstability region. 
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2. Materials and methods 

Haemocyanin was prepared from the haemolymph 
of Hefix pomatia according to Heirwegh et al. 1141. 
The stock solution was stored at pH 5.7 (O-1 M sodium 
ecetate buffer) under carbon monoxide at 4°C [15 ]_ 
The protein concentration was measured at 278 nm 
in 0.1 M sodium borate buffer, pH9.2, to reduce the 
influence of turbidity. The specific extinction coeffi- 
cient A (I%,, 1 cm) = 14.16 was used [14]. 

The a-component was separated by preparative 
ukracentrifugati3n in a Spinco model L centrifuge at 
4°C (rotor 30,X 000 revs/min, 120 min) in 1 M NaCl 
at pH 8.5 (0.1 M sodiumacetate buffer). 

The apoprotein was prepared at pH 8.5 (0.1 M 
Tris-HCI buffer,O.l M Cat&, 10 mM NH?OH-HCI) 
by the dropwise addition of 0.1 M KCN solution in 
the same buffer, until the blue &our disappeared. 
The protein concentration was about IO r&ml. The 
solution was then dialyscd against the same buffer, 
50 mM KCN, and afterwards against 0.1 M sodium 
acetate buffer, pH 5.7. 

Twice distilled water was boiled to remove the dis- 
solved CO,. During cooling CO, -free N, was passed 
through the water and it was stored under Nt. 

The titrants were HCI, standardized against 
NazCO, by titration with bromocresol green as indi- 
cator, and carbonate-free NaOH, both about 0.1 M. 

As isoionic haemocyanin is not soluble, the protein 
solutions were prepared by dialysis against the appro- 
priate salt solutions, made of analytical grade salts. 

The titration procedure and the apparatus is de- 
scribed in detail by Janssen et al. [16]_ An apparatus 
analogous to this one was built. It was equipped with 
a Radiometer pH meter PHM 72. The pH meter was 
calibrated with Beckman phosphate buffer (pH 7.0) 
and 50 mM potassium hydrogen phthalate (pH = 4.00). 

The titratior: vessel consisted of an optical cell 
with a section of 2 cm by 2 cm. It was placed in a 
thermostated copper holder. A piece of polyvinyl- 
chloride containing the eIectrodes and a glass stirrer 
was mounted upon it. The vessel was continuously 
flushed with N, or 02. The titration vessel was placed 
on a photometer PL.4 (Carl Zeiss, Oberkochen, 
W_ Germany)_ In :his way a continuous control during 
titration of the awegation state of the protein was 
possible by mdasurement of turbidity- Blank titrations 
were performed to control the procedure and the elec- 
trodes. 

3. Analysis of titration curves 

3.1. Numeria.zl differentiation 

In differential hydrogen ion titration curves 
-ApHlAZH, the numerical derimtive of the titration 
curve, is plotted vs ZH, the mean proton charge of the 
protein- With very small increments in the amount of 
added acid or base, -ApH/AZH approaches the reci- 
procal of the buffer capacity, which is the analytical 
derivative of the titration curve. This has been shown 
tobe [16]: 

dpH= 1 
-d ZH 2.3 Ci tziqCI -ai) + o~868w - 0) 

Herein “i is the number of amino-acid residues in 
group i, 9 the degree of ionization of group i, and IV 
the electrostatic interaction factor- This function be- 
comes very large at these values of ZH where every ai 
is either 1 or 0, and thus allows the accurate determina- 
tion of the number of amino adds in one group. in 
the derivation of eq_ (I) the electrostatic interaction 
factor was assumed to be a constant through the whole 
titration region- This is not the case when dissocia- 
tion of the protein occurs during titration- Conforma- 
tional changes, such as unfolding, can also alter the 
electrostatic interaction factor. Such a protein is 
treated as an equilibrium mixture and the titration 
curve can be described as follows: 

zz=pjzY_. (2) 

Herein 23 is the mean proton charge of the protein 
in statej, @ithe weight-fraction of the protein in that 
state, and ZH the mean proton charge of the mixture. 
For reasons of simplicity and generality the proton 
charge is calculated per g protein. The different 3 are 
related by the law of mass action and by conservation 
of mass: 

The differential titration curve can now be c&u- 
iated by the following procedure: 

(4) 

The factor d ZHJd pH corresponds to the reciprocal 



of formuIa (1). The second term of eq. (4) gives the 
change of Edue to a change in the concentrations 
of the different states of the protein. The factor 
d Qi/d pH can be determined from an independent 
measurement of the distribution of the protein as a 
function of pH. This pH dependence and the titration 
curves are coupled through the finked function con- 
cept [17]: 

-d logKi/d pH = Zffr~ZH~_t , (5) 

where Ki is the equilibrium constant for the transi- 
tion of state i-1 to state i. Eq_ (4) can only be used 
for the simuIation of the differential titration curve 
and is too complex for parameter analysis. 

3.2. Limarization 

Titration curves are usually linearized according to 
the model of Linderstrdm-Iang, as described by 
Tanford [20] _ For state j: 

pH--lOg[4., i/(1 ~,i)] = PKinr,i f O-SGS,O~ ZHi . (6) 

Although the total charge of the protein should be 
used in this equation, in the absence of information 
concerning the binding of counterions, Zts_ is used in- 
stead_ In general it is assumed that this binding in- 
creases proportionally to ZH and therefore the appar- 
ent electrostatic interaction factor will be smaller than 
the true one. 

Multiplying all terms of eq. (6) with 0i and sum- 
ming over all statesi gives: 

pH--C~ilog[~.jl(l~,i)l 
i 

= PKinf i + 0.868 7 +jlvj zHj . (7) 

Here it is assumed that pKinr is independent of state j. 
It is clear that the term zj 3 log[ai, j/(1 -05_ ,-)I is not 
simply related to the experimentally accessible Mlue 

of %pp_- Linearization is thus in general not possible 
in the transition region. However, when the transcon- 
formation occurs in a very narrow pH region, as a 
consequence of high cooperativity, sufficient data 
might be obtained before and after the transition so 
as to determine the parameters of the initial and the 
end state. If only t’hese states occur Zf$ can be calcu- 
lated. Together with mthis allows to determine 4. 

If intermediates occur the values of r$ have to bc de- 
termined independently. 

4. Results and discussion 

fn fig. I the differential hydrogen ion titration 
curves are shown for oxy- and apohaemocyanin in 
0.1 M KCL, 5 mM CaClz. mwas assumed to be zero 
at the pH of dialysis (5 6). The titration is limited to 
the region of pH 5 to 9.3. Outside this region irrevers- 
ible effects occur. Due to the presence of 5 mM CaCI, 

the protein does not dissociate within the titration rc- 
gion. As no free cr-amino groups were found in haemo- 
cyanin [19] the assumption was made that the residues 
titrated from pH 6 to 9 were histidine residues. Evi- 

dence for this identification comes from the intrinsic 
pK (7.2), the influence of temperature which allows 
the calculation of an apparent heat of ionizationof 
6.5 kcal/mole typical for histidine residues, and from 
the fact that ethoxyformylation [7 1 decreases the 
number of titratable residues. This identification is 
however not absolute and a number of other groups 
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F&. 1. Differential hydrogen ion titration cwvcs of oxyhaemo- 
cyanin Co) and apohaemocyanin (0). Titrations were done in 
0.1 hl KCI, 5 mX1 Cacfz at 20°C under oxygen. Protein con- 
centration was in both uses IO mg/ml. 
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with anomalous pK values might be present. From 
fig. 1 a number of 35 (i: OS) X 10M5 residues per g 
protein can oe estimated to be titratable in apohaemo- 
cyanin and 31(% OS) X 10-s in the holoprotein. 
From aminoacid analysis [2] 44 X 10M5 histidine resi- 
dues per g protein are expected. This number is too 
high due to the neglect of the sugar content. Correct- 

ing for this, the number reduces to 41 X 10m5 resi- 
dues per g protein. This means that even in apobaemo- 
cyanin 6 X 10e5 residues per g protein are uot titrated 
in their normal pH region. In the absence of indepen- 
dent information, it is not possible to give an explana- 
tion for this inaccessibility_ The difference between 
the holo-and the apoprotein of 4 X 10-S histidine 
residues per g protein corresponds to a stoichiometry 
of one histidine residue per copper atom bound. This 
result is in excellent agreement with the data obtained 
for haemocyanin from Ocfopzts vuZgmis [13] and, 
as the evidence from other experiments points to the 
binding of copper to h&dine [7,9 -131. A single his- 
tidine residue is, however, insufficient to explain the 
stability constant of 10zo [ZO] 1 The identity of the 
other ligands is unknown. Tyrosine residues are possi- 
bIe candidates, as 12 X 10-s residues per g protein 
are becoming accessible for titration upon the removal 
of copper 171. 

Typical dissociation patterns of haemocyanin are 
shown by Witters & Lontie 121. The midpoints for the 
dissociation of the wholes into the halves and the 
haIves into the tenths are around pH 5.5 and 7.7, re- 
spectively. In the presence of calcium these transition 
points shift to higher pH values and 5 mM is sufficient 
to displace the dissociation out of the titration region 
of the histidines (as shown by the turbidity measure- 
ments). Under these conditions one would expect the 
plot of { pH--log [or/( 1 --cr)] ) vs ZH to be linear, as no 
change in the aggregation state of the protein occurs. 
This is approximately the case with apohaemocyanin, 
as shown in fig. 2A. When oxy- or deoxyhaemocyanin 
(the latter shown in fig. 2B) is titrated in 0.1 M KCl, 
5 mM CaCl, and the data are plotted in the same way, 
a distinct deviation from linearity was found, which 
cannot be attributed to dissociation. This deviation 
must be due to a shift in apparent pK which does not 
occur, or to a much smaher extent, in apohaemo- 
cyanin. It is interesting to note that in the same pH 
region and under the same conditions, the binding of 
oxygen shows cooperativeIy.The difference in titra- 
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Fig. 2. Linearized titration curves: A. Apohzemocyanh in 
0.1 hI KCl. 5 mhf CaCl2. B. Deoxyhaemocyariin in 0.1 hl 
KCl, 5 mM C&la. A distinct deviation from linearity occurs 
in the region -17 > z> -25. 

tion behaviour of oxy- and deoxyhaemocyanin is how- 
ever very small and is most apparent in the differen- 
tial titration curves (fig. 3). These show that oxy- 
haemocyanin has its maximal buffer capacity at a 
lower m value, and thus higher pH, than deoxyhzemo- 
cyanin. This corresponds with the decrease in PSo 

(the oxygen pressure at 50% saturation) or the in- 
crease in oxygen affinity with increasing pH in the 
same region (Vannoppen-Ver Eecke, unpublished re- 
sults). 

Fig. 4A shows the linearized titration curve of c+ 
haemocyanin at 0.1 M KCI, in the absence of cdcium. 
In the region of dissociation a similar but even larger 
deviation.from linearity is observed. This is probably 
due both to dissociation and to the pK-shift men- 
tioned above. In principle it is possr%le to determine 
the number of protons involved in the dissociation in- 
dependently with the linked function concept and the 
pHdependenoe of dissociation. In practice this is, 
however, impossible as the values oft& are independent 
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FE& 3. DifferentLI hydrogen ion titration curves of oxy- 
hae~~~~cyanin (0) and deoxyhaemocyanin (r). Titrations 
were done in 0.1 hf KCI, S mM CaCI2 at 20°C under oxygen 
and nitrogen respectively. Tfre protein cunfe?ntration was in 
both uses 10 q&al. 

on the total protein czmcentration, in constrast to 
what is expected from the Iaw of mass action (4,6f _ 

In 1 M KCI c&aemocyanin is present as h&es 
and the dissociation into tenths shows a midpoint at 
$3 7.4 fiti _ The titration curve under these conditipns 
could completely be linearized as shown in fig. 4B. 
This indicates that no pK shifts are apparent and that 
the titration curve is not sensitive to the dissociation, 
probably as a consequence of the very effective shield- 
ing by the salts. 

The electrostatic interaction factor can be deter- 
mined from the slope of the plot &$&-40g &&I -a)] ) 
vs %f. For the whoies in the absence of calcium a 
vatue of 3 x IO-4 can be estimated. This experimen- 
tal& obtained electrostatic interaction factor can be 
compared with the theoretical vaiue, which is calcu- 
lated with the Landstr#n-Lang equation [Is] _ The 
volume of the equivafent sphere, is either obtained 
from the dimensions given by eIectron microscopy 
[2lj or calculated from the partial specific volume 
[l&22]. These theoretical vahres,9 X lO-‘t and 

FQ. 4. Linearized titration curves: A. P-heamocyanin in 0.1 
Lf KCI, in the absenoz of caldum. A deviation from iinearity 
occurs in the region -16 > m > -26, where dissociation in- 
to halves and tenths occurs. EL a-haemocyanin in I.0 M KcI. 

17 X 1W4 respectively, are much larger. This on be 
accounted for by solvent penetration of the hollow 
structure of haemocyanin. For the wholes in the pre- 
sence of calcium a slightly lower value of 2 X IO-4 
was found. 

At 1 bf KCI the value of A{pH-log [cul( l -a)]) 
IAm = 1500, which corresponds to whstv~ = 
3.3 X IO-” and “tcntbs = I66 X iW4. The theoreti- 
caI vahres, calculated on the basis of the dimensions 
obtained by electron microscopy, are 6.6 and 
18.6 X IO-4 respectively. 

The cfoser agreemenr between the uicutated and 
experimental electrostatic intention factors for the 
tenths is uuderst3ndabie, as no solvent penetration 
effects are expected under these ~nditio~s. 

According to Siezen {3l the tenths are at the io~~ic 
strength of 1 .O in a Cfcompact) conformation, in 
contrast to a L<toose) conformation at 0.1_ The elec- 
trostatic interaction factor for the tenths in the L con- 
formation cannot exactly be determined. As the sub- 
unit dissociation occurs in a very narrow pH region, 



a second linear part in the plot {pK-Iog[a{(l -+)I) 
vs mis expected to represent the titration of the 
tenths. ‘fhis is the case, as shown in fig- 4A, but the 
region is toa small to determine the electrostatic inter- 
action factor. 
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