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ABSTRACT: We have examined the competitive binding of oxygen and carbon monoxide to the multisubunit 
hemocyanin of the tarantula Eurypelma californicum. Employment of high-precision thin-layer methods 
has enabled detailed characterization of the pure oxygen and pure carbon monoxide binding curves, as well 
as binding curves performed under mixed-gas conditions. The pure oxygen binding curve and the displacement 
of oxygen by carbon monoxide a t  full ligand saturation are highly cooperative, but in the absence of oxygen, 
carbon monoxide binds noncooperatively. The results were analyzed globally within the framework of a 
nested allosteric model [Robert, C. H., Decker, H., Richey, B., Gill, S .  J., & Wyman, J. (1987) Proc. Natl .  
Acad. Sci.  U .S .A .  84, 1891-18951 which takes into account the hierarchy of subunit structure present in 
the macromolecule. The use of two ligands enables one to recognize two distinct levels of allosteric interaction 
functioning in the protein assembly. The binding characteristics of the allosteric states demonstrated for 
Eurypelma follow a similar pattern as those found earlier for Homarus americanus. 

H e m o c y a n i n s  are large multisubunit proteins that provide 
for oxygen transport in many species of arthropods and 
mollusks. Among the properties of hemocyanins that motivate 
a study of the thermodynamics of their binding reactions are 
the following: (1) functionally, they display highly cooperative 
behavior in binding oxygen (Van Holde & Miller, 1982), and 
(2) structurally, they reveal hierarchies of subunit organization 
typical of many macromolecular complexes found in biological 
systems (Robert et al., 1987; Wyman, 1972). In arthropods 
the basic structural element is a hexamer. Various species have 
been reported to have structures consisting of a single hexamer, 
a single dimerized aggregate of a hexamer (dodecamer), and 
higher aggregates composed of two or four dodecamers (Van 
Holde & Van Bruggen, 1971; van Bruggen et al., 1982; Markl, 
1986). The general notion that the hierarchy of structure 
present in large macromolecules is reflected in a corresponding 
hierarchy of function through allosteric interaction was in- 
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troduced by Wyman and has been termed "nesting" (Wyman, 
1985, 1972). More recently, it has been described in a 
quantitative manner in regard to hemocyanins (Robert et al., 
1987). 

Among arthropod hemocyanins, that of the tarantula, Eu- 
rypelma californicum, has been the subject of extensive 
structural investigations which reveal that it has 24 subunits 
arranged as a dimer of isologous dodecamers (Markl et al., 
1981a,b). Each dodecamer is composed of seven different 
types of subunits (Markl et al., 1982). In addition, the crystal 
structure of a closely related hexameric arthropod hemocyanin 
from the spiny lobster, Panulirus interruptus, has been de- 
termined at a resolution of 3.2 8, (Gaykema et al., 1984, 1986). 
The reaction of Eurypelma hemocyanin with oxygen is highly 
cooperative. Hill slopes exceeding 7 have been reported 
(Loewe et al., 1977; Loewe, 1978; Decker, 1981), making it 
one of the most cooperative of any binding system studied. In 
contrast to oxygen binding, carbon monoxide binds to ar- 
thropod hemocyanins noncooperatively or with only slight 
positive cooperativity, and with a much lower affinity than 
oxygen (Bonaventura et al., 1974; Brunori et al., 1981; Richey 
et al., 1985). Such markedly different binding behavior of 
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oxygen and carbon monoxide makes these ligands important 
probes of the details concerning hemocyanin function. The 
two ligands bind to the same binuclear copper site of the 
protein in a mutually exclusive manner, with identical stoi- 
chiometry. This makes them a particularly convenient and 
revealing pair of ligands to study. This type of competitive, 
functional linkage is termed identical linkage (Wyman, 1964; 
Di Cera et al., 1987) and leads to a simplified quantitative 
description of the liganded species distributed in solution. 
Furthermore, since carbon monoxide and oxygbn are both 
gaseous ligands, their free activities can be determined pre- 
cisely, enabling a high-precision binding study. 

In this paper we show that the combined use of CO and O2 
can lead to a detailed picture relating structure and functional 
aspects of this complex protein molecule. This approach has 
been used in exploring simple systems such as lobster hemo- 
cyanin (Richey et al., 1985) and human hemoglobin (Di Cera 
et al., 1987). Eurypefma provides an example of a protein 
with yet a higher level of structural organization than those 
previously studied in this manner. 

THEORY 
In order to account for the high cooperativity and marked 

asymmetry of the oxygen binding curve for Eurypelma he- 
mocyanin, a nested model which is a generalization of the 
original allosteric model of Monod et al. (1965) was proposed 
(Decker et al., 1986; Robert et al., 1987). The model regards 
the dodecamer as the fundamental allosteric unit and states 
that there is an allosteric interaction mediated by a confor- 
mational equilibrium between two states of each dodecamer. 
In addition to the conformational equilibrium present within 
each dodecamer, the model further proposes that the dode- 
camers interact with one another via a conformational change 
involving the entire 24-mer. The idea of conformational 
transitions within conformational transitions is termed nesting, 
and the model is thus called a nested allosteric model. 

The quantitative description of the mass law binding of 
ligands to a macromolecule is facilitated by use of the binding 
partition function or binding polynomial (Wyman, 1964). It 
is desirable when possible to have a model-independent de- 
scription of the data. However, for a macromolecule with a 
large number of sites (in this case 24), a phenomenological 
description of the binding equilibria is impractical from the 
point of view of analyzing the data. By turning to a simplified, 
mechanistic description of the system, one is able to provide 
a quantitative description of the binding processes in a manner 
that is (1) tractable by data analysis and (2) appealing on the 
basis of the structure-function relationships it implies. 

The binding polynomial is the sum of the concentrations of 
the various liganded species written in terms of the appropriate 
mass law relations. The pertinent species of the model are 
shown schematically in Figure 1. It may be seen that there 
are two overall quaternary states, R and T, as in the classical 
allosteric formulation of Monod et al. (1965)-the so-called 
MWC model. However, within each of these overall states 
there are two substates. The two substates nested within the 
R state are called Rr and Rt. These states correspond to the 
two different proposed equilibrium conformations of the do- 
decamers in the R state. Similarly, there are two substates 
within the T state called Tr and Tt. The dodecamers are 
treated as identical subunits with regard to their binding re- 
actions. The model proposes that in the overall R state each 
dodecamer behaves according to an MWC description. In the 
overall T state, each dodecamer is also described by an MWC 
model. The crucial point is that the MWC descriptions of each 
overall state (R or T) are different. 

R t  8 
FIGURE 1: Schematic representation of the nested allosteric model 
for tarantula hemocyanin. Each dodecameric state is represented by 
a different geometric form to show that each has a particular 
equilibrium conformation. The equilibrium constants are given for 
the reactions in the directions of the arrows (see Appendix for further 
details). 

Taking into account these features, we may formulate the 
following binding polynomial for oxygen binding to the tar- 
antula hemocyanin 24-mer: 

where Pk and PT, are binding polynomials for the dodecamers 
and the Y'S are the fractions of hemocyanin in a particular 
conformational form when no ligand is present. 

The dodecamers in a particular overall state (R or T) are 
described by their own binding polynomals (termed subbinding 
polynomials since they describe a substate of an overall state), 
PR, and PT,: PR, = VRr(1 + K ~ G ) ' ~  + vRt(1 + K%x)" and PT, 

= + r ( l  + K ? ; X ) ~ ~  + uTt(l + @x)12. In these equations, x is 
oxygen activity and the K'S are the equilibrium constants for 
the binding of oxygen to a particular conformational form 
indexed by the appropriate subscript (see Appendix). The fact 
that each subbinding polynomial is squared reflects the hy- 
pothesis that the two dodecamers bind oxygen identically and 
that they do not interact with one another at the level of the 
substate. The allosteric interaction between the dodecamers 
is recognized only through the equilibrium between the overall 
states, R and T. From the fact that each subbinding poly- 
nomial is a simple two-state allosteric polynomial and thus can 
produce only positive cooperativity (Monod et al., 1965), it 
can be shown that the entire nested polynomial can only 
produce positive cooperativity as well. 

The binding polynomials for the mixtures of carbon mon- 
oxide and oxygen, and the detailed expressions for the amounts 
of the two ligands bound to hemocyanin as functions of their 
activities, are described in the Appendix. 

MATERIALS AND METHODS 
Materials. E .  californicum hemolymph was obtained by 

heart puncture as described previously (Mark1 et al., 1980). 
All samples were diluted 1 : 1 with 0.1 M Tris buffer containing 
5 mM MgC12 and 5 mM CaC12 at  pH 8.0 (at 20 "C). The 
supernatant was centrifuged for 10 min and then dialyzed 
against the same buffer at 5 OC overnight. The concentration 
of protein used for the binding studies was 20 mg/mL as 
calculated from the extinction coefficient at  280 nm, e = 1.32 
mL mg-l em-'. To ensure that ligand-induced dissociation of 
the protein was negligible under our solution conditions, ad- 
ditional O2 binding experiments were performed with the same 
sample diluted 1:5 with buffer. The binding curves for the 
two concentrations were essentially identical. Previous studies 
with an analytical ultracentrifuge (Decker et al., 1979) confirm 
that the 24-mer is the stable species under the solution con- 
ditions used in this study. 

Binding Curve Measurement. The binding curves were 
obtained with the thin-layer optical absorbance cell described 
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previously (Dolman & Gill, 1978). Four types of experiments 
were performed. Pure O2 and C O  binding curves were ob- 
tained by equilibrating the thin layer of hemocyanin with wet 
O2 or C O  at atmospheric pressure and then diluting the gas 
phase in contact with the solution with N2. The presence of 
bound O2 was monitored by the absorbance change at 335 nm 
and that of bound CO monitored by the absorbance change 
at  315 nm (Bonaventura et al., 1974) with a Cary 219 spec- 
trophotometer. 

In a third type of experiment, the hemocyanin solution was 
saturated with 02, and then dilutions with C O  were made to 
follow the competitive binding reaction. The fourth type of 
experiment was carried out by equilibrating the protein solution 
with a mixture of C O  and O2 of known partial pressures. 
Dilutions of this mixture were made with N2 such that the ratio 
of partial pressures of C O  and O2 remained constant. The 
bound O2 was monitored in these experiments by following 
the absorbance change at  335 nm, where there is no contri- 
bution to the spectral signal from the CO-protein complex. 
The remarkable stability of the thin layers of solution per- 
mitted all four types of experiments to be performed with the 
same layer for a given set of runs, since the base-line absor- 
bance of the thin layer remained stable for at least 12 h. All 
binding curves were obtained at 25 "C. The combination of 
all four types of experiments allowed us to study the hemo- 
cyanin in its various stages of ligation with the two gaseous 
ligands. Further details of these procedures have been dis- 
cussed elsewhere (Zolla et al., 1985; Di Cera et al., 1987). 

Data Analysis. At each dilution step in an experiment, the 
absorbance change is computed. The observed change in 
absorbance for the ith dilution step where the ligand partial 
pressure changes from pi-1 to p i  is given by 

where 0 is the fractional ligand saturation of the macromol- 
ecule at a given step (see Appendix) and AAT is a fitted pa- 
rameter corresponding to the optical density change between 
the hemocyanin in fully liganded and completely unliganded 
states (Gill et al., 1987). The smooth representation of this 
function is obtained by writing xi-l = xi/D, where D is the 
dilution factor for the thin-layer device (in these experiments 
D = 0.694) and the resulting AA values are positioned in the 
middle of the A log po, interval (or A log pco interval for the 
C O  binding curve) at  ti  = ( X ~ X ~ - , ) ~ / ~ .  The fractional ligand 
saturation is equal to the amount of ligand bound per mole 
of hemocyanin, X for O2 and P for CO, divided by the number 
of binding sites, 24 (see Appendix). 

All binding parameters as well as AAT were estimated by 
least-squares regression analysis using the Gauss-Newton 
algorithm as modified by Marquardt (Bevington, 1969). 
Starting guesses for the R-state binding constants were chosen 
to correspond to the first and last intrinsic binding affinities 
of isolated dodecamers obtained from asymptotes of Hill plots 
of dodecameric data as reported in a previous study (Decker 
et al., 1986). After constrained minimization with these pa- 
rameters fixed, all parameters were subsequently analyzed 
simultaneously. 

RESULTS 
Although the binding of a single type of ligand to a mac- 

romolecule may be described by a particular molecular model, 
a more stringent test of the model is provided by an exami- 
nation of the binding of more than one type of ligand. In the 
case of respiratory proteins one often looks to the proton as 
an additional ligand because of its physiological significance 
as a regulator of oxygen binding. However, the number of 

ui = uT(oi - ei-l) ( 2 )  
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FIGURE 2: Differential binding data for the experiments outlined under 
Materials and Methods: (A) O2 binding, (B) replacement of O? by 
CO, (C) displacement of ligands at constant ratio of O2 to CO actinties 
(=50.86/555.086), and (D) CO binding. Each plot records the 
changes in absorbance corresponding to the changes in ligand partial 
pressure. The titration points in each of the plots are positioned at 
the arithmetic mean of the logarithms of the initial and final partial 
pressures of oxygen (A-C) or carbon monoxide (D) for each titration 
step (log E ) .  The theoretical curves are thus derivatives of the binding 
curves and represent the best fit upon simultaneously fitting the data 
sets with the model given in eq Al .  

proton binding sites is often not known, and the number of 
protons bound and free can be difficult to obtain to high 
precision. Such informational and operational limitations can 
hinder a rigorous analysis of the thermodynamics of binding. 

Carbon monoxide, on the other hand, is a particularly 
convenient ligand to study, and it can reveal important features 
of hemocyanin function. The stoichiometry of the CO- 
hemocyanin complex is known. The amount of bound carbon 
monoxide is easily measured by a spectroscopic signal at  3 15 
nm (Bonaventura et al., 1974), and since carbon monoxide is 
a gaseous ligand, activity can be controlled to high precision. 
Finally, because carbon monoxide and oxygen bind to the same 
site in a mutually exclusive manner, the quantitative de- 
scription of their binding behavior is simplified (see Appendix). 

The simplifying features in the analysis and acquisition of 
precise binding data on both oxygen and carbon monoxide 
binding facilitates the testing of a particular molecular model 
for the binding behavior. This was especially true in the case 
of lobster hemocyanin in which the oxygen binding data could 
be described by a simple two-state MWC model, but the 
carbon monoxide and competitive binding data showed that 
the MWC model was inconsistent (Richey et al., 1985). Here 
we report the results of analyzing the binding of pure oxygen 
and carbon monoxide, and competitive binding of these ligands 
to tarantula hemocyanin by simultaneously fitting all of the 
data to the nested allosteric model outlined above. 

The binding data for the four experiments outlined under 
Materials and Methods are shown in Figure 2 in the form of 
differential binding curves. These plots are the observed 
change in absorbance versus the logarithm of the geometric 
mean of the initial and final partial pressures for each step. 
The theoretical curves represent the best fit to the data with 
parameters given in Table I. A notable result is that all four 
experiments can be fit with the same values of the confor- 
mational equilibrium constants, L, tR, and tT, as is required 
in the simultaneous fitting procedure. All 11 binding param- 
eters, as well as the total absorbance change, were allowed to 
vary freely in the simultaneous fit of the four data sets of 
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Table I: Model Parameters As Determined by Simultaneous Fit of 
All Four Experiments Discussed in the Text and Corresponding 
Confidence Intervals' 

K% = 1.43 f 0.16 
K% = 0.058 f 0.006 
K% = 4.6 f 0.3 
K% = 0.0081 f 0.0018 

K:: = 0.017 f 0.004 
KEY = 0.0038 f 0.0001 
KFP = 0.017 f 0.004 
K?; = 0.0038 f 0.0001 

log L = 3.7 f 0.3 

log C, = 20.1 f 0.3 
log CR = 12.8 f 0.5 

"The errors on the parameters are twice the value of the errors esti- 
mated in the fit. 

Figure 2. For practical purposes, we used the logarithms of 
L, CR, and CT as fitting parameters since this led to a faster 
convergence. Repeat experiments on the same sample prep- 
aration (data not shown) gave parameters within the confi- 
dence intervals reported in Table I. 

The analysis of the data sets was complicated by the 
presence of more than one minimum with comparable standard 
error; i.e., parameter estimates obtained upon convergence 
depended upon the initial parameter guesses in the regression 
procedure. Our final selection of parameter estimates was 
guided by oxygen binding studies performed on isolated do- 
decamers (see Materials and Methods). In those studies strong 
similarities between the oxygen binding data of the isolated 
dodecamers and the R state of the 24-mer were pointed out 
(Decker et al., 1986; Savel et al., 1986). On the basis of this 
functional similarity we selected the parameter estimates that 
gave R-state binding constants consistent with this observation. 
Although we make no claims as to the mathematical uni- 
queness of this set of parameter estimates, it is clear that the 
values of the chosen set of parameters are well resolved within 
the minimum obtained, describe the data to high precision, 
and are motivated on the basis of independent functional in- 
formation concerning the isolated dodecamers. 

Attempts to fit the binding data according to a simple 
two-state MWC model (Monod et al., 1965) with an allosteric 
unit size of 6, 12, or 24 sites (since these numbers correspond 
to numbers of sites in typical arthropod aggregates) failed. 
This agrees with previous investigations (Decker et al., 1983). 
In addition, we attempted to fit the data with a nested allosteric 
model which assumes that the primary level of allosteric in- 
teraction involves the individual hexamer rather than the 
dodecamers. This model also failed to produce an adequate 
description of the data. The proposal that the dodecamer unit 
is the primary level of interaction is consistent with structural 
studies which reveal that the dodecamer is the smallest re- 
peating structural unit. The hexamers are not identical but 
are assembled into the dodecamer by way of a dimeric linking 
subunit (Mark1 et al., 1982). 

Although other extended allosteric models have been de- 
veloped (Richey et al., 1985; Van Holde & Miller, 1982) to 
handle the binding behavior of hemocyanins that cannot be 
described by the original allosteric model (Monod et al., 1965), 
we are motivated to pursue the nested allosteric model on the 
basis of the functional properties of the isolated dodecamer. 
Oxygen binding to the isolated dodecamer is cooperative in 
and of itself (Savel et al., 1986). The nested model accounts 
for the cooperativity of each dodecamer assembled into the 
24-mer and introduces an interaction term due to the assembly 
of dodecamers that is accounted for by an overall allosteric 
transition. It is entirely possible that more complex nested 
mechanisms may be operating in this molecule as suggested 
by the findings of Savel et al. (1 986). However, these more 
complex nested descriptions are beyond the limits of practical 

6.5 . 5  1.5 2.5 
I o g l p O 2  1 

/ ui , , . 
0 
-.5 . 5  1 . 5  2.5 

log(p02) 

FIGURE 3: Pure oxygen binding curves generated from best fit model 
parameters (see Table I) for the R state and T states alone (-- -), and 
the entire binding process (-). The solid line shows the sharp 
transition from the T to the R state that accompanies oxygenation. 
Upper left inset: Binding curves for the Rr and Rt substates alone 
(- - -) and the entire R state (solid lines). Lower right inset: Binding 
curves for the Tr and Tt substates alone (- - -) and the entire T state 
(solid lines). 

analysis of this data alone. In any case, our particular choice 
of model must ultimately be tested by other means including 
suitable probes of structural details. 

DISCUSSION 

In order to characterize the important reactions of tarantula 
hemocyanin with oxygen and carbon monoxide, we consider 
three extreme reactions separately: (1) the oxygen reaction, 
Hc + 2402 = Hc(OJ24; (2) the carbon monoxide reaction, 
Hc + 24CO = H c ( C O ) ~ ~ ;  and (3) the competitive displace- 
ment reaction at full total ligand saturation, Hc(CO),~ + 240, 
= Hc(O2)24 + 24CO. From the description of the data given 
by the model of eq A1 (see Appendix) with the best fit pa- 
rameters, we generate the binding curves for each of these 
reaction processes. 

Figure 3 shows the binding curve for the reaction with 
oxygen. The dashed lines in this figure show the calculated 
binding curves of the overall R and T states. The binding 
curves for the R and T states are both cooperative. The T state 
shows greater cooperativity than the actual binding curve, 
whereas the R state is less cooperative than the overall binding 
curve. The figure shows the sharp transition from the T to 
the R state that accompanies oxygenation. Likewise, the insets 
of Figure 3 shows the transitions among substates within each 
overall state, Le., Rr to Rt and Tr to Tt. The fact that the 
binding curves for the R! and T states nearly overlap at  high 
oxygen saturation but diverge at lower saturation suggests that 
the Rr and Tr states a more alike than the Rt and Tt states. 

Upon comparison of the oxygen binding curve obtained here 
with that of previous studies (Decker et al., 1986), a difference 
in the cooperativity is noted, particularly at  low oxygen sat- 
urations. The conditions used in the present studies were 
chosen to match physiological conditions (Schartau & Leid- 
escher, 1983). The increased steepness of the present oxygen 
binding curve in the region of low saturations is reflected in 
the parameters describing the different allosteric states. As 
one would expect, the R-state binding constants do not change 
far from the values determined earlier, but the binding con- 
stants of the T state (which predominates at low oxygen 
saturations) and the overall allosteric constant, L, are different. 
The fact that L is larger reflects the increased cooperativity 
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FIGURE 4: Pure carbon monoxide binding curves generated from best 
fit model parameters (see Table I) for the R state alone, T state alone, 
and entire CO binding process. Only one curve is seen because all 
three processes produce the same binding curves. This illustrates that 
the protein remains in the Tt state throughout the range of saturation 
and that the Rt and Tt states have the same affinities for CO as do 
the Tr and Rr states. The separate CO binding curves for the R states 
and T states are shown in the upper left and lower right insets, 
respectively, as was done for O2 binding in Figure 3. 

2 3 4 5 
1 o g  ( p c o  ) 

FIGURE 5 :  Carbon monoxide binding curves at a constant oxygen 
activity, x = 100 Torr. At low carbon monoxide activity with 100 
Torr oxygen present, the Tr and the Rr substates are most populated. 
As carbon monoxide activity increases, transitions to the Tt and Rt 
states take place. 

found under the conditions employed in this study. This 
difference in the cooperativity is presumably due to the in- 
creased divalent cation concentrations, a result consistent with 
the general role that divalent cations play as heterotropic 
effectors of oxygen binding in arthropod hemocyanins (Miller 
& van Holde, 1982). In addition, chloride ion effects have 
been seen in some hemocyanin systems also (Brouwer et al., 
1977). 

The noncooperative behavior displayed by carbon monoxide 
stands in contrast to that of oxygen. Figure 4 shows the carbon 
monoxide binding curve. The molecule remains in the Tt state 
throughout the entire saturation range. How then can we 
study the carbon monoxide reactions of the hemocyanin in all 
four of its functional allosteric states? To do this, we must 
study the binding of carbon monoxide when oxygen present. 
Oxygen shifts the allosteric equilibrium toward states that 
would remain unpopulated in the presence of pure carbon 
monoxide. The experiments depicted in Figure 2c,d accom- 
plished this task. 

, J 
-3.5 -2.5 - 1 . 5  -.5 .5 

log(p02/pCO) 
FIGURE 6 :  Binding curves generated from the best fit model parameters 
for the cooperative replacement reaction of CO by O2 at full ligand 
saturation for R state (---), T state (-- -), and entire binding process 
(-). The replacement binding curves for the R and T states are shown 
in the upper left and lower right insets, respectively, as was done in 
Figure 3 and 4 for pure O2 and pure CO. 19;; is the oxygen saturation 
for the replacement binding process as defined in the Appendix. 

Table 11: Ratios of the Model CO to O2 Association Constants for 
E. calijornicum and H. americanus Hemocyaninsa 

Eurypelma Homarus Eurypelma Homarus 
K ? ~ / K $ :  0.48 0.29 K${/K;: 0.07 0.16 
K%/K$? 0.001 0.016 K W K ~  0.01 0.02 

“The data for Homarus are taken from Robert et al. (1987). 

To illustrate the effect that oxygen has on the carbon 
monoxide reaction, we may examine the carbon monoxide 
binding curve in the presence of a fixed amount of oxygen 
(Figure 5 ) .  At low carbon monoxide saturation with 100 Torr 
oxygen present, the Tr and the Rr states are the most popu- 
lated of the allosteric states. Since carbon monoxide binding 
postulates the Tt and Rt  states, the transition to these states 
occurs upon increasing the amount of carbon monoxide. This 
process produces highly cooperative carbon monoxide binding 
curves, although the molecular mechanism underlying this 
cooperativity is actually due to the removal of oxygen from 
the copper site. 

The competitive binding reaction process is illustrated by 
the displacement of carbon monoxide by oxygen at full satu- 
ration. From the binding curve analysis given in Figure 6 we 
can see that only two of the four allosteric states are populated 
since a transition is seen only between the two T states. 
Although the binding curves depicted in Figures 5 and 6 are 
obtained only by performing experiments under pressures 
greater than atmospheric, it illustrates the manner in which 
oxygen populates states that remain unpopulated with pure 
carbon monoxide present. Since the competitive binding ex- 
periments reported here (Figure 2c,d) allowed us to study 
carbon monoxide binding to the states that were not accessed 
by the pure carbon monoxide reaction, the equilibrium con- 
stants for CO binding to each of the states could be resolved. 

As noted above, the Rr and Tr states appear to bind oxygen 
similarly, whereas these states as well as the Rt and Tt states 
bind carbon monoxide similarly. This is borne out by the 
values in Table I. Examining the ratio of carbon monoxide 
to oxygen constants for each state furthers the comparison of 
the nature of each of the states. The ratios given in Table I1 
indicate that the Tt state has the most similar affinities for 
the two ligands and that the Tr state has the most disparate 
affinities for them. The remaining two states, Rt and Rr, have 
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FIGURE 7: Binding surface plots of oxygen saturation, Bo,, versus the 
logarithms of the partial pressures of oxygen and carbon monoxide 
(A) and the derivative of the saturation surface, bo, (B). 

similar ratios. This trend in the ratios may be compared to 
those of the lobster Homarus americanus hemocyanin studied 
under similar conditions (Richey et al., 1985). This hemo- 
cyanin is also from an arthropod, but its stable aggregation 
state is a dodecamer. Robert et al. (1987) have shown that 
a similar nested allosteric model explains the binding data for 
this species. The proposed model assumes that hexamers are 
nested inside the dodecamer in contrast to the proposal for the 
Eurypelma system that dodecamers are nested inside a 24-mer. 
Note from Table I1 that the same trend in the C O  to O2 
affinity ratios is evident. This might be expected in light of 
the striking structural similarities of these two hemocyanins 
(Linzen et al., 1985) and further emphasizes the common 
structure-function relationships of these proteins. 

A comprehensive representation of the functional properties 
of tarantula hemocyanin comes by considering the saturation 
of oxygen or carbon monoxide extended along the coordinates 
comprised of the activities of both ligands (Figures 7 and 8). 
A comparison of the derivatives of the O2 and CO binding 
surfaces (Figures 7B and 8B) emphasizes the drastic coop- 
erativity of pure oxygen versus pure carbon monoxide binding, 
indicated by the sharpness of the peak in Figure 7B as com- 
pared to the shallow hump in Figure 8B. A structural ex- 
planation for the difference in the cooperativities of CO and 
O2 stems from the fact that CO does not bridge the two Cu 
ions that make up the binding site (Fagar & Alban, 1972), 
whereas O2 forms a bridge by entering into a peroxo-Cu(II)2 

FIGURE 8: Binding surface plots of carbon monoxide saturation, Bco, 
versus the logarithms of the partial pressures of oxygen and carbon 
monoxide (A) and the derivative surface, aCo (B). 

complex (Freedman et al., 1976). In addition, the surfaces 
show the competitive nature of the binding between oxygen 
and carbon monoxide. This can be seen from the fact that 
the position of the oxygen binding curve (Le., the position of 
a single contour of the surface in Figure 7 at constant log pa) 
at higher activities of carbon monoxide shifts to higher ac- 
tivities of oxygen. 

In conclusion, the results reported here demonstrate the 
binding behavior of oxygen and carbon monoxide with tar- 
antula hemocyanin. A particularly striking result is that the 
replacement of oxygen by carbon monoxide at  full ligand 
saturation is a cooperatiGe reaction. This rests in contrast to 
the noncooperative replacement reaction of O2 and CO in 
human hemoglobin (Wyman et al., 1981; Di Cera et al., 1987). 
The results of all the binding experiments were described by 
a nested allosteric model that correlates the structural and 
functional properties of native Eurypelma hemocyanin. The 
use of an identically linked pair of ligands, which bind in a 
markedly different manner, allowed a comprehensive ex- 
ploration of the function of the macromolecule in each of its 
allosteric states. The comparison of carbon monoxide to ox- 
ygen affinity ratios of Eurypelma hemocyanin to those of H.  
americanus reveals a similarity in the allosteric control in these 
arthropod hemocyanins. 
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APPENDIX 
In this appendix we outline the expressions needed to analyze 

the binding data and generate the binding curves reported in 
this paper. 

Equation 1 under Theory gives the binding polynomial for 
oxygen binding. The binding polynomial for the system 
composed of both oxygen and carbon monoxide, Pxy, is 

Pxy = VR[VRr(l + Kf& + KEYy)l2 + VRt(1 + K&X + 
KEpy)12]2 + 

VT[VT~(~ + K!&x + K!$)y)12 + VTt(1 + Kg2X + K$py)12]2 
(Al l  

In this equation x and y are the activities of oxygen and carbon 
monoxide respectively, the v’s are the fractions of each al- 
losteric state, and the K’S are the equilibrium constants for 
ligand binding to each allosteric state. The fact that there are 
no cross terms (xy  terms) in Pxy reflects the special nature of 
the linkage between these two ligands. It rules out the pos- 
sibility that a single binding site may bind both O2 and CO 
simultaneously. This feature, termed identical linkage 
(Wyman, 1964), has been demonstrated for both arthropod 
(Richey et al., 1985) and molluscan (Zolla et al., 1985) he- 
mocyanins. 

There are six terms that are common to Px and Pxy. They 
are the fractions of the proposed states in the absence of ligand: 
vR and the fractions of its substates vRr and vRt; and vT along 
with the fractions of its substates vTr and vTt. These terms may 
be expressed in terms of three equilibrium constants: 

where L is the equilibrium constant for the reaction in which 
the unligated R state of the macromolecule goes to the un- 
ligated T state and CR and CT are the equilibrium constants 
for the reactions in which the unligated Rr state and Tr state 
go to the unligated Rt state and Tt state, respectively. We 
could also designate the equilibrium constant for the reaction 
of the unligated Rr state going to the unligated Tr state as 
CRT (see Figure 1). In this case the dependency relation among 
the constants is L = CRT(1 + CT)/(1 + CR). Since any of these 
equilibrium constants is independent of the ligand under in- 
vestigation, the binding data for O2 and CO should be con- 
sistent with respect to these constants if the model is ac- 
ceptable. 

In order to formulate the model in terms that correspond 
to the experimental observables, we need expressions for the 
amounts of O2 and CO bound as functions of the partial 
pressures of the ligands, for the particular reaction under 
investigation. These quantities can be given in terms of the 
binding polynomial, PxY, for reactions of hemocyanin with O2 
(M + iX  - MX,) and CO (M + j Y  - MY,), respectively, 
as follows: 

R =  ( - ) y  a In Pxy p =  (3) (A5) 

a In x a l n Y  

To examine these quantities for a particular state, it is nec- 
essary only to substitute the binding polynomial for that state 
into the expressions given in eq A5. The derivatives of these 

quantities are related to the differential measurements per- 
formed in this study (see Materials and Methods) and give 
a measure of the cooperativity of binding. For the nested 
model employed here, only positive cooperativity is predicted 
for any choice of constants. 

A reaction of particular interest is the replacement of CO 
by O2 when the molecule is fully saturated with ligand [MY, 
+ iY - MY,+Xi + ( t  - i ) X ]  . The amount of oxygen bound 
at  any stage of this reaction is given by 

where pat = VR[VR~(~ + K % Z / K E ; ) ”  + VRt(1 + K ~ Z / K ~ ~ ) 1 2 ] 2  

+ vT[vTr(1 + K?;Z/K:?)” + vTt(1 + K ? @ ‘ / K : F ) 1 2 ] 2 .  P t  is equal 
to ( t  - Pt), where z = x / y  and t = 24, the number of binding 
sites. BE: is equal to Pat divided by 24. The form of this 
binding polynomial ensures that the derivative on the right- 
hand side of eq A6 is carried out with the total saturation (Le., 
amount of oxygen bound plus amount of carbon monoxide 
bound) of the macromolecule fixed at  full saturation. 
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ABSTRACT: Molecular dynamics simulations using the stochastic boundary method were carried out for 
apoazurin of Alcaligenes denitrifcans. For a region centered on the exposed tryptophyl residue (W118), 
simulations in vacuo and with inclusion of model water molecules were carried out. The simulations are 
in accord with the experimental finding that the interior tryptophan (W48) is less mobile than the exterior 
tryptophan (W118). In simulations with and without solvent the motion of W118 is strongly correlated 
with residues connected along the backbone and residues close to the face of the indole ring. The 50-ps 
simulated tryptophan fluorescence anisotropies did not reveal the slowly decaying component (1 60 ps) found 
experimentally. Estimates of energy transfer between W48 and W118 give rates similar to the experimental 
value provided that the initial state is lLb. Variations of rate of f20% are found when the relative motions 
of the two residues are taken into account. 

x e  internal motions of protein molecules have generated 
much interest in recent years because of their possible sig- 
nificance in protein function (Gurd & Rothgeb, 1979; Wil- 
liams, 1979; Karplus & McCammon, 1981, 1983). A variety 
of techniques for the study of protein dynamics have been 
developed including high-resolution X-ray diffraction (Petsko 
& Ringe, 1984; Debrunner & Frauenfelder, 1982; Artymiuk 
et al., 1979), NMR (Richarz et al., 1980; Gall et al., 1981, 
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1982; Rice et al., 1981; Dobson & Karplus, 1986), time-re- 
solved optical spectroscopy (Hochstrasser & Negus, 1984; 
Lakowicz et al., 1983; Munro et al., 1979; Petrich et al., 1987), 
and molecular dynamics (MD) computer simulation (Karplus 
& McCammon, 1981, 1’983; van Gunsteren & Karplus, 1982; 
Ichiye & Karplus, 1983). Improvements in time-resolved 
spectroscopy and computers are extending the time scale of 
both experiment and theory, so that direct comparisons should 
be possible in the near future; i.e., subnanosecond events may 
be measured by spectroscopic methods, and molecular dy- 
namics simulations have been extended into the nanosecond 
time scale. The information concerning the atomic motions 
provided by MD simulations can assist in the interpretation 
of experimental results, and the reliability of both the ex- 
perimental and theoretical techniques can be tested by ap- 
propriate comparisons. It has been shown, for example, that 
the standard interpretation of the temperature factors in the 
X-ray analysis of proteins can result in significant errors in 
the estimates of side-chain motions (Yu et al., 1985; Kuriyan 
et al., 1986). The validity of the interpretation of NMR 
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