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ABSTRACT. Oxygen binding and spectroscopic properties of the homodimeric myoglobin (Mb) from the
prosobranchia sea snallassa mutabilidhave been investigated. Oxygen equilibrium curves are pH-
independent and cooperative w3 = 5 + 1 mmHg andn ~ 1.5. Circular dichroism spectra of the
oxygenated and deoxygenated formMf mutabilisMb are superimposable between 190 and 250 nm,
suggesting a mechanism for cooperative ligand binding that does not involve changestihelieal

content of the whole protein. The oxygen dissociation process is biphasic and pH-dependent, with different
pKavalues €6.7 + 0.2 and 8.5+ 0.3) for the two phases. Moreover, the activation energy is essentially
the same for both oxygen dissociation procesggs<56.4 + 2.1 kJ/mol for the fast phase, afid =

53.8+ 1.9 kJ/mol for the slow phase), indicating that the rate difference fati€sociation between the
diliganded and the monoliganded species is mostly dependent on a variation of the activation entropy.
Ferrous nitrosylatetl. mutabilisMb shows, at alkaline and neutral pH, axial and rhombic X-band EPR
signals, respectively, which display belowl 6 a three-hyperfine pattern typical of five-coordination.

The results presented here suggest thad.imutabilisMb the kinetic control of cooperativity operates
through a mechanism never observed before in other hemoproteins, which requires a ligand-linked large
enhancement for the value of the oxygen association process in a molecule not undergoing changes in
quaternary structure.

In some species of gastropod sea snhails of the prosobran- In the present paper, we report for the first time a detailed
chia subclass, namelBuccinum undatum L.Busycon characterization of the functional and spectroscopic properties
canaliculatum Cherithidea rhizophorarumandNassa mu-  of the cooperative homodimerid. mutabilisMb. These
tabilis, the presence of homodimeric myoglobin in the muscle results have been analyzed in parallel with those ofShe
cells has been reported (Bonner & Larsen, 1977; Geraci etinaequialvis homodimeric Hb (Chiancone et al., 1990),
al., 1977; Takagi et al., 1983). Such proteins are generally Whose X-ray crystal structure has been solved (Royer, 1994).
characterized by an essentially non cooperative oxygenThus, the analysis of three-dimensional structures of deoxy-
binding behavior, except foN. mutabilis and Buccinum ~ 9enated and liganded forms 8finaequualeis have unrav-
undatum LMb (Geraci et al., 1977; Terwilliger & Terwil-  €lled a peculiar mode of subunit assembly and of cooperative
liger, 1985). These are the only examples known as yet of mte'ractlon operative in this homo@menc Hb, which involves
cooperative Mb, while the occurrence of cooperative ho- & direct hemeheme communication (Royer, 1994). Such
modimeric Hb has been reported in the red blood cells of features appear to be r_esponsm_le for an unusual pH-
clams from the arcid family, such @nadania broughtonji dependence of ligand binding kinetics observed Sin

. - . inaequialvis (Coletta et al., 1990), and the same behavior
ilfa;ig?;gaslgiegn;lruésé zn?\:igitllal%%gqeéﬁfgggﬁf stt al. has been reported fdt. mutabilisMb (Coletta et al., 1992),

1990) ' suggesting possible functi(_)nal and structural similariti_es
’ between the two hemoproteins. Therefore, the characteriza-
tion of the cooperative mechanismhh mutabilisMb should
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8 Third University of Roma. N. mutabilisMb was prepared from the radular muscles
"DINF_M and Department of Biology, University of Roma Tor Vergata.  of the snail as previously reported (Geraci et al., 1977). The
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dimer molecular mass of 27 kDa (Geraci et al., 1977). All +2 ; . ;
experiments have been carried out on such samples, and no
evidence of monomer formation has ever been detected under
the experimental conditions employed. The nitrosylated
ferrous derivative ofN. mutabilis Mb was prepared, as
previously reported for sperm whale and horse heart Mbs
(Ascenzi et al., 1985), by sequential addition of sodium _2 oy
dithionite (20 mg/mL final concentration) and of sodium -6 -5 -4
nitrite (5 mg/mL final concentration) to the degassed Mb log [0, ]
solution. The solutions were rapidly frozen at 100 K before Figure 1: Isotherms of @binding toN. mutabilisMb at pH 6.0
the EPR spectrum was recorded. In this way, it is known (O, 0.1 M phosphate buffer) and pH 8.8,(0.1 M Tris/HCI), when
that the equilibrium situation of MbNO observed by EPR at T = 20 °C. For the sake of clarity, superimposable experimental

100 K corresponds to that at 2@ (Ascenzi et al., 1985) data at intermediate pH values have been omitted. The continuous
N ) line was calculated according to eq 1, with parameters reported in

Oxygen equilibrium experiments were carried out at 20 Taple 1. [Q] represents the concentration of the free ligand. For
°C, using a Varian Dms-100 spectrophotometer. A small further details, see text.

volume &3 mL) of degassed ferroubl. mutabilis Mb
solution &30 uM heme) was kept in a large volume mmHg andn ~ 1.5 (see Figure 1), a fairly high value
tonometer £600 mL of gas phase) with a cuvette fitted at considering that the molecule is a dimer (Geraci et al., 1977).
the bottom for optical measurements of the protein solution, Such behavior is pH-independent between pH 6.0 and 8.8
and with a lateral rubber septum to inject desired amounts (see Figure 1), indicating that no ligand-linked proton uptake
of air in order to attain partial ©pressures inside the or release occurs. The thermodynamic analysis of the
tonometer (Cirotto & Geraci, 1975). oxygen binding equilibrium properties for the cooperative
Kinetic experiments were carried out between 8 and 35 homodimericdN. mutabiliscan be made employing only two
°C using a Gibson-Durrum stopped-flow apparatus equipped parameters, according to the phenomenological Adair mech-
with a 2 cmpath length observation cell and linked to a anism (Adair, 1925). This rules out the usefulness of
computer-controlled data acquisition system (On Line Instru- applying the two-state allosteric model, which implies instead
ment Systems, Jefferson, GA). Two different types of kinetic the use of at least three parameters (Monod et al., 1965).
experiments were performed to study the influence of A quaternary ligand-linked structural change can be
possible alternative equilibrium conformations. (1) Deoxy- followed by circular dichroism spectra of the oxygenated
genated Mb was prepared by flowing humidified Ar over and deoxygenated forms in the far-UV region (i.e., between
the MbQ solution in a tonometer, with gentle shaking until 190 and 250 nm). However, spectra f8r mutabilis Mb
the absorption spectrum was that of deoxyMb. This solution do not show any difference between the deoxygenated and
was mixed in a gastight syringe with different volumes of Oxygenated forms, suggesting that ligand binding is not
oxygenated buffer in order to obtain a Mb solution equili- associated with a variation of secondary structure of the
brated at different levels of oxygen saturation. The O dimer (see Figure 2A). On the other hand, ligand-linked
dissociation kinetics was studied by mixing in the stopped- effects are clearly present in the Soret region (between 390
flow apparatus fully and partially ©saturated Mb solutions ~ and 480 nm) and in the region of the absorption of amino
with sodium dithionite, and following spectroscopically the acid side chains (i.e., between 270 and 450 nm). These data
progress curves. (2){pulse experiments were performed, suggest the alteration of the amino acid side chains interac-
in which a solution of unliganded Mb in the presence of tions upon ligand binding and a strong effect on the geometry
sodium dithionite was mixed in the stopped-flow apparatus of the heme environment. Indeed, e value changes by
with buffer equilibrated at different Opressures (Gibson, @ factor of about 4 during the transition between the
1973). Under these conditions, deoxyMb can initially bind unliganded and the liganded form (see Figure 2B,C).
O, very quickly, competing with sodium dithionite, reaching Interestingly, the ellipticity of the CD spectra Nf mutabilis
various degrees of ligand saturation, which depend on theMb in the Soret region is negative (see Figure 2C), as also
oxygen pressure in the buffer solution and on the sodium reported in the case of the common marine blood-wGrm
dithionite concentration. The observed kinetics of O dibranchiataHb (Santucci et al., 1988), where the negative
dissociation corresponds to that of Mb molecules that have €llipticity has been attributed to an unusual heme orientation
dynamically reached different degrees of oxygen saturation. With respect to PheCD1 (Cooke & Wright, 1987; Arents &

Circular dichroism spectra were obtained at°Zdusing Love, 1989). Hence, it appears that ligand binding strongly
a JASCO J500 spectropolarimeter. affects this parameter together with alterations of some of

X-band EPR spectra were recorded on a BRUKER ESI:,the amino acid side chains. A similar situation, i.e., an
300 spectrometer between 100 and 220 K. invariance of the quaternary structure upon ligand binding,

All data were obtained in 0.1 M MES or potassium has also been reported f@rinaequialvis Hb (Royer, 1994).

) To have a better insight on the cooperative mechanism
Ezgfzmateivelejgﬁrp(aegv? ear]ngH8Sd§) 1?%%0)6 T (lz)IlT'\r/ilsvHe g(las operative inN. mutabilisMb, we have carried out two types

of kinetic experiments. In one, kinetics of, @issociation
buffer (between pH 7.6 and 9.5). was studied on solutions of fully or partially oxygenated

log [V/H—V):l
o

RESULTS AND DISCUSSION dimers. In this case, the results provide information on
molecules that are in equilibrium with oxygen (Figure 3A).
The equilibrium oxygen binding curve df. mutabilisMb In the other case, the kinetics of oxygen dissociation was

is characterized by a sigmoidal shape witkh = 5+ 1 studied on dimers that were in the process of ligand binding,
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,?2 I Lol Ficure 3: (panel A) Kinetics of @dissociation from fully (curve
= L a,Y = 1) and partially oxygenated (curvesybs 0.66; and curve
-80 B "" C ¢,Y = 0.31)N. mutabilisMb at pH 7.0 (0.1 M phosphate), whén

= 20 °C and1 = 434 nm. Continuous lines were calculated
according to Scheme 1. (panel B) pulse toN. mutabilisdeoxyMb

A (nm) at pH 7.0 (0.1 M phosphate), whéanh= 20 °C andi = 434 nm.
FIGURE 2: Circular dichroism spectra of oxygenated (continuous Différent concentrations of oxygen were employed in the different
line) and deoxygenated (dotted line) Mb frddnmutabilis Spectra curves, attaining a different ligand saturation degree Yi=.1.0

are reported in different spectral regions, namely: (panel A) for curve aY = 0.65 for curve b, and = 0.41 for curve c). For
between 190 and 280 nm with ellipticity]; expressed as deg ém  fyrther details, see text.

dmo_rl_ of residue; (panel B) between 230 and 340 nm with
ellipticity [0]w expressed as deg érdmol* of heme; (panel C)  degree of enhancement of the oxygen affinity equilibrium

between 390 and 480 nm with ellipticity]lw expressed as deg indi
cn? dmol~* of heme. Wherever the two spectra of the deoxygenated constant for the second binding step, as a consequence of a

and oxygenated forms are superimposable, only one spectrum isligand-linked structural change(s) taking place upon bindi_ng
reported as a dashed and dotted lines). For further details, see ~ Of the first G molecule. The mechanism described in
text. Scheme 1 implies that the dimer exists in two conformations
o _ o . (which we call conformations A and B). In the unliganded
before establishing possible slow equilibrium conditions fom the protein has conformation A, and the functional
(Figure 3B). As already observed for the oxygen equilibrium roperties of the first binding step indeed refer to this
binding studies (Figure 1), the results of the oxygen conformation. To bind the second ligand the dimer must
dissociation klnetlc§ (Figure 3) cannot be accounted for by undergo a transition to conformation B. However, this
a two-state allosteric model (Monod et al., 1965). In fact, yransition in the monoliganded form does not relate to a
the results of both experiments of oxygen dissociation, from quaternary structural variation of the whole dimer, as
molecules equilibrated at different partial ligand saturations jgicated by CD spectra (see Figure 2A), but instead to
(Figure 3A) and from molecules which dynamically reached changes of the heme environment and of the conformation
different oxygen saturation levels (Figure 3B), display of some amino acid side chain(s) (see Figure 2B,C).
biphasic patterns which cannot be due to an intrinsic kinetic ThereforeK; is the oxygen equilibrium affinity of the dimer
subunit heterogeneity §ince the mc_JIecu_Ie is @ homodimer.n the conformation A, an& is the ligand binding affinity
Therefore, the analysis of data in Figure 3 has been i the conformation B. However, the scheme also implies
performed using the phenomenological Adair model (Adair, that the conformational transition is allowed only in the
1925) according to the following scheme, which is also valid moneliganded form. From this mechanism the following
for the equilibrium data reported in Figure 1 equation can be derived, which has been employed also for
the analysis of data fror8. inaequialvis homodimeric Hb
(Ikeda-Saito et al., 1983), and which is used here for the
analysis of ligand binding isotherms Bf mutabilis Mb

400 430 460

Scheme 1

klon k20n
off off -
Y = Ky[O,](1 + KH[O,)/[1 + Ky[O,](2 + K,[O,])] (1)
whereK; (=k,wkl) is the equilibrium association constant

for oxygen to the unliganded Mb dimer akd (=k%/K?) SinceN. mutabilisMb is a homodimer (Geraci et al., 1977;
is the equilibrium association constant for oxygen binding Parente et al., 1993), the biphasic kinetic pattern ef O
to the monoliganded Mb(§), species. The ratio (=K,/ dissociation from this Mb (see Figure 3) must be referred to

K,) is a dimensionless factor which indicates the cooperative a difference in the @dissociation behavior between the
character of the ligand binding proceds; 1 reflecting the diliganded (i.e. k%) and the monoliganded species (i.e.,
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Table 1: Thermodynamic and Kinetic Parameters for the O
Binding of N. mutabilisMb in 0.1 M phosphate at pH 7.0 and 20
°C

equilibrium parameters

Ky (M1 3.2 (£0.4) x 10*
6 (=Ka/Ky) 14 (£1.3)

kinetic parameters
klon (M~1s7Y) 3.0x 1CPa —_
Kot (571) 9.2 *1.1) s
Oon (:kzon/klon) 1272 v
Ooft (=K2oi/KLofr) 9.1 *0.7) =

a Derived on the basis of the following relationshig€s, = Kiklos;
Oon = O00f.

k), which can be expressed by the faatgs (=k2ori/klof).

The continuous lines shown as curves a in Figure 3A,B
represent the least-squares fitting of the experimental curve
according to Scheme 1, using the parameters reported in
Table 1. The investigation on the oxygen dissociation
kme.t!cs. has also been ex_tended to partially saturated Mb mOZ dissociation rate constant frodh mutabilisMb for the fast ©)
equilibrium with G (see Figure 3A, curves b and c), and to and the slow phasex(). Continuous lines correspond to the least-

partially saturated Mb that has dynamically achieved a partial squares fitting to experimental data according to the following
saturation level (Figure 3B, curves b and ¢). The continuous equation: Ink = In A — EJ/RT (eq 2). The following parameters

curves in Figure 3 show that Scheme 1 and parametersha\ég geieg 2%?/;?35 ::g; mg fsellg\t/vphk?gim29'204i52£72a2ng|r5%
reported in Table 1 are able to fully account for the E.= 53.8+ 2.8 kJ/mol. For furthe? details, see text.
cooperative behavior ¢f. mutabilisMb also at intermediate
saturation degrees. This observation unequivocally demon- The mechanism proposed for the kinetic control of
strates that no slow conformational equilibria seem to be cooperativity inN. mutabilisMb is also able to account for
present in the ligand binding (or dissociation) dynamic Previous observations, which revealed no increase of the
pathway. ligand association rate constant during the ligation process

The kinetic heterogeneity for oxygen dissociation (see (Geraci et al., 1976). Thus, on the basis of the thermody-
Figure 3) and the absence of a slow equilibration rate at hamic and kinetic characterization (see Figures 1 and 3 and
intermediate ligand saturation levels (as from thepOise) ~ Table 1), the occurrence &fon > k'on (s fromaon > 1,
can account for the cooperative character of equilibrium s€€ Table 1) should impair the detection of a saturation-
binding isotherms (see Figure 1) only if the kinetic control dependent increase of the observed ligand binding process
of the cooperative mechanism operates through a ligand-because of an expected large predominance of diliganded
linked variation of the association rate constant. Thus, molecules at every saturation degrée It follows that,
according to Scheme 1 at pH 7.00a(=KJ/K;) of 14 + 2 because of the large value of, (=127, see Table 1), the
[as required from the ©binding isotherms (see Figure 1 overall association rate constant is dominated by the very
and Table 1)] and the kinetic biphasicity (see Table 1) with fast association rate for the second binding stép+ 3.8
oot = 9.1+ 0.7 demand altogether a dramatic increase in x 10’ M~ts™1). Consequently, the cooperative mechanism
the association rate constant\ifmutabilisMb during ligand predicts that, at intermediate ligand saturation degrees, O
binding given byoo, (=k%/klon = d0orr) = 127 (see Table  molecules are not statistically distributed among the hemes
1). Therefore, equilibrium data reported in Figure 1 and of the homodimer and further requires the occurrence of a
dissociation kinetics reported in Figure 3 turn out to be marked biphasicity for the £ dissociation process to
perfectly compatible with each other, and no further com- compensate, at least partially, for the dramatic enhancement
plexity is needed with respect to Scheme 1 to quantitatively of the association rate constant. Under these conditions, it
describe the cooperative mechanism\ofmutabilis Mb. becomes obvious that a direct measurement of theirtaing

The mechanism described above frmutabilis Mb is kinetic process is not able to unravel any meaningful feature
the only one which can account in such a simple fashion for of the cooperative mechanism, since the expected behavior
the whole set of data reported in Figures 1 and 3. However, of the system could be phenomenologically described even
it is drastically different from that operative in cooperative with only one rate constant. Therefore, the crucial aspect
Hbs from mammals and fishes (Brunori et al., 1989) as well for understanding the cooperative mechanism operative in
as inS inaequvalvis Hb (Antonini et al., 1984), where the  N. mutabilis Mb depends on a detailed analysis of thg O
kinetic control of the cooperative mechanism fortiinding dissociation kinetic process together with the equilibrium
is exerted through a variation of the oxygen dissociation rate binding isotherms.
constant. It suggests that Mb and Hb may significantly vary =~ The temperature dependence of thal8sociation process
in the kinetic control mechanisms of oxygen binding, at pH 7.0 shows that the activation energy is essentially the
indicating that in N. mutabilis Mb oxygen cooperative  same for both @dissociation phase&f{ = 56.4+ 2.1 kJ/
binding brings about a variation of the association rate mol for the fast phase, arig, = 53.8+ 1.9 kJ/mol for the
constant, as for CO binding to hemoglobins (Brunori et al., slow phase, see Figure 4). It indicates that a difference in
1989), and envisaging the possibility that, unlike Hbs, in this the activation entropy of the oxygen dissociation process
Mb molecule Q and CO cooperative binding are regulated from the fully oxygenated moleculAG* = — 27.14+ 2.7
in a similar fashion. eu) and from the monoliganded speciaS{ = — 54.4 +

325 33 3.35 3.4 3.45 3.5 3.55 36 3.65

/T (K-1) (x 10-3)
Ficure 4: Arrhenius plot of the temperature dependence for the
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Ficure 5: pH-dependence of the fa®) and the slow ©) O,
dissociation rate constant from fully oxygenatédmutabilisMb, ) -
whenT = 20°C andi = 434 nm. The continuous line corresponds FIGURE 6: EPR spectra of nitrosylated. mutabilisMb at pH 8.7

to the nonlinear least-squares fitting of the data according to the in 0.1 M Tris/HCI and 100 K (spectrum a), at pH 7.0 in 0.1 M
equationkops = Kai/(1 + KJH™]) + kadKH /(1 + K{H]) (eq 3) phosphate and 100 K (spectrum b), at pH 7.0 in 0.1 M Hepes and

300 320 340 360
Magnetic Field (mT)

with the following set of parameterkay = 133.5+ 7.9 S 1, kee = 100 K (spectrum c), at pH .7.0 in 0.1 M phosphate and 220 K

35.6+ 2.8 5%, andK, = 5.2 (+0.9) x 106 M1 for the fast phase; ~ (spectrum d), and at pH 5.6 in 0.1 M acetate and 100 K (spectrum

Kaic = 15.14 0.8 5%, ko= 6.3+ 0.5 5%, andK, = 3.0 (£0.7) x e). Setting conditions: 9.42 GHz microwave frequency, 20 mW

108 M1 for the slow phase. For further details, see text. microwave power, 0.1 mT modulation amplitude. For further details,
see text.

4.5 eu) can account for the rate difference of the biphasic - .
progress curve (see Figure 3, curve a). Therefore, it appeardhe diliganded form.  On the other hand, the switch to
that after the dissociation of the firsb@olecule from the ~ conformation A brings into play a new titratable group with
diliganded dimer, the transition in the monoliganded species & PKa = 8.5, which has the samekpin the monoliganded
from conformation B to A renders drastically more negative @nd unliganded form of the protein. Therefore, there are
the entropy change for the formation of the activated complex WO possible mechanisms consistent with these results. (i)
during the dissociation of the second oxygen molecule, 'N€ ligand-linked conformational change(s) from conforma-
without altering significantly the enthalpic contribution. It tion B to A brings about a variation of the type of amino
clearly indicates that ilN. mutabilisMb cooperative ligand ~ acid side chain group stabilizing the boungl us modulat-
binding is a totally entropy-driven process, possibly related N9 the ligand dissociation process and its entrqplg gontrlbu—
either to alterations of the number of water molecules presenttion (see above), or else (i) th&Kpvalue of an individual
at the subunit interface, as B inaequialzis Hb (Royer, group varies upon _the tranS|t|on_betws_.\en c_onformatlon B
1994), or to a movement of a side chain, which alters the @1d A in the monoliganded species, this being related to a
energy of conformational fluctuations responsible for the Proton-linked equilibrium between (at least) two different
regulation of the dynamic outward pathway of the ligand structural arrangements of the same protonating group. .In
(see below). the latter case, there should be a very fast structural transition
O, dissociation kinetics from fully oxygenat® mutabilis between them.
Mb displays a pH-dependence (Figure 5), suggesting that The pH- and temperature-dependence of the kinetic
the lack of a proton effect on equilibrium properties (see properties of oxyMb fronN. mutabilisfind a counterpart in
Figure 1) is related to a compensation between the ligand EPR spectroscopic changes of the ferrous nitrosylated form,
association and dissociation process. Thus, the absence ovhich can give information for the structure of the diliganded
a proton-linked effect on the inding equilibrium proper-  dimer. At alkaline pH£8.7) and 100 K an axial EPR signal
ties simply means that theKp of functionally relevant is observed (Figure 6, spectrum a), as already reported for
residues is the same in the deoxygenated and in thesperm whale and horse heart Mb (Ascenzi et al., 1985).
oxygenated forms. Such a statement does not imply thatLowering the pH in 0.1 M phosphate buffer to pH 7.0 (at
the protonation of groups does not affect the oxygen 100 K) brings about the appearance of a rhombic EPR signal
dissociation or association rates, but it simply means that (Figure 6, spectrum b), which is not observed if phosphate
the K, is the same for the two processes. In other words, is replaced by Hepes (see Figure 6, spectrum c). No effect
data reported in Figures 1 and 5 taken together show thatwas observed by varying the chloride concentration in the
O, binding toN. mutabilisMb is regulated by changes in absence of phosphate, and this observation indicates the
the protonation state of some residue(s), but this state is notoccurrence of a phosphate-induced conformational transition,
different in the deoxy and oxy forms. likely limiting the ligand rotational freedom (Bartnicki et
The pH-dependence appears very different for the two al., 1983). The molecular mechanism responsible for this
phases (see Figure 5), and, on the basis of the mechanisnphenomenon is not unequivocally established, but it is
proposed above, the ,Qlissociation from the diliganded reasonable to claim that it is probably related to the same
hemoprotein displays akp = 6.7 + 0.2, which may be  phenomenon responsible for the entropy change reported
attributed to the protonation of the distal histidine., O above. This interpretation seems in line also with the
dissociation from the monoliganded species, following the observation that in raising the temperature from 100 to 220
ligand-linked structural change(s), displaystk.p= 8.5 + Kat pH 7.0 in 0.1 M phosphate buffer an axial EPR signal
0.3 (see Figure 5). This feature can be accounted for inis recovered (see Figure 6, spectrum d), as also is observed
Scheme 1, since the lack of pH-dependence for the O for elephant Mb (Bartnicki et al., 1983). It is important to
binding isotherms may be explained by assuming that in remark that such spectroscopic changes pertain to a ferrous
conformation B ligand binding is regulated by a group with liganded species di. mutabilisMb with a ligand (i.e., NO)
a K, = 6.7, which is constant in the monoliganded and in which shares similar properties with the boung therefore,
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