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ABSTRACT: Hemoglobins extracted from fishes that live in temperate waters show little or no dissociation
even in the liganded form, unlike human hemoglobin (HbA). To establish whether cold adaptation influences
the tendency to dissociate, the dimégetramer association constarits 4) of the carbonmonoxy derivatives

of representative hemoglobins from two Antarctic fishHBgmatomus newne@ilb1Tn) andTrematomus
bernacchii(Hb1Tb), were determined by analytical ultracentrifugation as a function of pH in the range
6.0—8.6 and compared to HbA. HbA is more dissociated than fish hemoglobins at all pH values and in
particular at pH 6.0. In contrast, both fish hemoglobins are mostly tetrameric over the whole pH range
studied. The extent of hydrophobic surface area buried attifiginterface upon association of dimers

into tetramers and the number of hydrogen bonds formed are currently thought to play a major role in the
stabilization of the hemoglobin tetramer. These contributions were derived from the X-ray structures of
the three hemoglobins under study and found to be in good agreement with the experimentally determined
L, 4 values. pH affects oxygen binding ®f bernacchiiandT. newneshemoglobins in a different fashion.

The lack of a pH effect on the dissociation of the liganded proteins supports the proposal that the structural
basis of such effects resides in the T (unliganded) structure rather than in the R (liganded) one.

It is well-known that in hemoglobins binding of ligands X-ray structure, which otherwise would be expected to have
to the heme determines large structural modifications, which a similar behavior.
lead to a transition from the T (unliganded) to the R Hemoglobins extracted from fishes that live in temperate
(liganded) statel). The most relevant changes occur at the waters (dogfish, trout), unlike human hemoglobin (HbA)
ouf2 (and at the symmetricat,f;) interface, which com-  and other vertebrate hemoglobins, show little or no dissocia-
prises residues from the CD and FG corners and from the Ction, even in the liganded forn8). Nothing is known about
and G helices. Dissociation of tetramers it dimers the associationdissociation equilibria of hemoglobins from
likewise occurs at thew3, and ayf: interfaces, such that  Antarctic fishes, whose adaptation to low temperatures (a
the state of heme ligation and the state of association areseawaterice mixture has a temperature of..87°C, which
linked. Thus, vertebrate deoxyhemoglobin is essentially leads to a higher percentage of physically dissolved oxygen
tetrameric, whereas oxy- and carbonmonoxyhemoglobinsand an increased blood viscosity) has consequences on
undergo a finite dimertetramer associatierdissociation oxygen affinity and hence could affect also dissociation into
equilibrium. subunits.

The associationdissociation equilibrium is also affected Another characteristic of fishes from temperate latitudes
by external factors, as ionic strength, or by allosteric effectors is the presence in their blood of a variety of hemoglobins
such as chloride ions and organic phosphates. Also variationswith different ligand binding properties to meet the physi-
of pH can affect the equilibriun®j. The binding of protons  ological requirements imposed by the variability of the
to residues at theyS, and ayf; interfaces modifies the  environment. In contrast, the blood of Antarctic fishes,
number and strength of hydrogen bonds that contribute to probably because of the relatively stable environmental
the stabilization of the tetramer. Differences in the number, conditions, in general contains a single major component,
polarity, or hydrophobicity and spatial orientation of the Hb1, which accounts for at least 95% of total hemoglobin,
residues at theouf, interface therefore can lead to a a second, minor component, Hb2 (5%), and traces of another
qualitatively and quantitatively different pH-dependence of component, HbC (less than 1%4)(Usually both major and
dissociation also in hemoglobins with similar sequence and minor components display the so-called Bohr and Root
effects, which correspond to a decrease in oxygen affinity

T This study is in the framework of the Italian National Program for wjith decreasing pH in the alkaline and in the acidic range,
Antarctic Research.
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respectively. In some instances, however, oxygen binding present, and carbon monoxide. The dialyzed hemoglobin

is not pH-dependent. solutions were diluted to the desired concentrations and used
To ascertain whether the Bohr or Root effect is correlated Within 24 h or stored at-10 °C. .
with differences in the pH dependence of the dirtetramer Analytical Ultracentrifugation. All experiments were

associatior-dissociation equilibrium, the carbonmonoxy conducted at #C on the carbonmonoxy derivatives in a
derivatives of the two representative major hemoglobins of Beckman XL-A analytical ultracentrifuge equipped with
Trematomus newne@b1Tn) andTrematomus bernacchii ~ absorbance optics and an An60-Ti rotor. The protein
(Hb1Tb), namedPagothenia bernacchiin some previous  concentration varied in the range 0.6164 mg/mL. It was
reports, were investigated. The species belong to the familycalculated using the extinction coefficients 11.75 and 0.825
Nototheniidae The associationdissociation equilibria were ~ mL mg~* cm™ at 419 and 540 nm, respectively. The buffers
studied by analytical ultracentrifugation in the pH range-6.0 used were 100 mM bistris HCI at pH 6.0 or 7.0 and 100
8.6, in comparison with the behavior of human carbonmon- mM Tris HCI at pH 8.6. Carbon monoxide was added to
oxyhemoglobin (HbACO). the buffer to keep the hemoglobins in the carbonmonoxy
HbA displays the Bohr effect, which is reversed at acidic fprm. As a control for the possible occurrence of autoxi(_ja-
pH, such that the oxygen binding curve has a minimum ton, absorbance spectra were measured in the ultracentrifuge
around pH 6.01, 5). Hb1Tb displays Bohr and Root effects cells on all samples before and after every run. The data
(6), while Hb1Tn shows only a modest Bohr effect and no Were discarded when ferric hemoglobin exceeded 5%.
Root effect #). It is worth noticing thafT. newnesswims Sedimentation velocity experiments were conducted at
actively and feeds near the surface, wherBabernacchii 40 000 rpm. Data were collected at an appropriate wave-
is a sedentary bottom dweller. Moreover, the bloodTof  length (419 or 540 nm, depending upon the initial protein
newnestontains, in addition to Hol and Hb2, a large amount concentration) at a spacing of 0.005 cm with three averages

(20-25%) of HbC, which displays Bohr and Root effects N @ continuous scan mode every 5 min and analyzed with
(4. the program DCDT, provided by Dr. Walter Stafford (Boston

Biomedical Research Institute). Data analysis with this

The structural analysis of the liganded hemoglobins under ) X . - A
y 9 g software gives a sedimentation coefficient distribution (g(s)),

study, based on the crystallographic coordinates available

in the Brookhaven Protein Data Bank (PDB), reveals a strong from which the weight av erage'sed|me'r'1ta.t|on coeffl_Clént, s
similarity in the amino acids located at tgg, interface. can be calculate®y. Sedimentation equilibrium experiments

In Hb1TbCO and Hb1TnCO this interface differs only in V€€ performed at 17 000 or 20 000 rpm. Data were collected
five positions. When the two fish hemoglobins are compared at %spacmg gfho'gm.FS]. with 10 a\éerakg%s tl>n a step scan
to HbA, differences in 12 positions are observed. The small mode every 54 h gun flum was Cd?C de . gég@gﬁmg

number of substitutions in principle allows one to interpret scans up to - Data sets were edited wit .

. . o P .« Lary, National Analytical Ultracentrifugation Center, Storrs,
the respective dissociation behavior in terms of specific ; . X )
structural differences. CT) and fitted with NONLIN (PC version provided by E.

. L Braswell, National Analytical Ultracentrifugation Center,
The stability OT the tetramer species Is known to depend Storrs, CT) 0). Data from different speeds were combined
on both polqr Interactions (e.g.,. hydrogen bonds) and for global fitting. Fits to a single species give a Z-average
hydrophobic interactions. In particular, a recent study

conducted on native human hemoglobin and on site-specific molecular weight. For fits to a dimetetramer association
sinale and double mutants at th@@g interface showepd scheme, the dimer molecular weight was fixed at the value

9 . . . 52 0 .. determined from the amino acid sequence. The calculations
that there is a direct correlation between the association

. . o to obtain the values df, 4 from the average sedimentation
constant anq the hydrqphoblg surface buried at this 'merf.acecoefficients were carried out with a program compiled on
upon association of dimers into tetramers, after correcting

for changes in the number of hydrogen bonds formed purpose in MATLAB (The Math Works Inc.) using known

. . : ) equations 11).
T e s o e PO NEracing proteins. s inversely corlated
present work, the hydrobhobic and the hydrophilic contribu- protein concentration, QUe (o the mflugnce of the_ solute on
: ' - . the density and viscosity of the solution, according to the
tions to the tetramer stability are both in good agreement equation
with the experimentally determined dimeetramer associa-
tion constants. Thus, in the liganded derivatives of fish
hemoglobins, which display a stronger tendency to associate
with respect to HbA, association of dimers into tetramers
leads to the burial of a larger hydrophobic surface and to
the formation of more hydrogen bonds than in the human

S=g5(1— gw) 1)

where s is the sedimentation coefficient at zero protein
concentration; vis the protein concentration, agds a factor
that depends on the hydrodynamic properties of the protein.

protein. For uncharged spherical globular protegbas a value of
0.007 L gt
MATERIALS AND METHODS For reversibly associating proteins, the total flux of
Protein Purification and Sample PreparatiorHbA, sedimenting materiakw, is given by the sum of the fluxes

Hb1Tb, and Hb1Tn were obtained as previously described of the different components, i.e.:

(4, 6, 8) and stored at-80 °C. Aliquots were unfrozen and

dialyzed for at least 12 h at€C in the appropriate buffer to SwW= Ziswi (2)
equilibrate them at the desired pH, after addition of sodium

dithionite, to reduce traces of ferric hemoglobin eventually As the concentration of thi& product of association can be
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related to the monomer concentration through the association 45 — T T T T T 1
constantlLy; (wherelL is expressed in mL mg) with the 5 .
expression
W = |—1,iW1i 3) §
o
Equation 2 becomes Q%
72}
Sw= ziSLl,iwll (4)
that can be modified by introducing the concentration
dependence described by eq 1 into:
0 0,2 0,4 06 0,8 1
sw=(1- (.31"_V)zi(51)o|-1,iW1I ) [Hb] (mg/ml)

. Ficure 1: Sedimentation coefficients of HbACO®(and —),
assuming thag has the same value for all the products of Hb1TbCO ® and— —) and Hb1TnCO 4 and - - - ). Samples
oligomerization. were in 100 mM bistris buffer at pH 6.0. The data yiélgd, values

For a monometdimer system, in particular of 1.0, 24.8, and 14.9 mL mg, respectively.

1—gw n 6 the interfaces (residues of one chain that are wighA from
w (W(Sp)o + Wa(S5)o) (6) those of the other chain) was made with the program Swiss-
PdbViewer (3).

S=

where
RESULTS

-1+ ,/1+4L, W . _ . . _ .
w; = ' (7a) Analytical Ultracentrifugation. Sedimentation velocity

2byp experiments were conducted at pH 6.0, 7.0, and 8.6 and 4
°C over the widest range of protein concentration allowed
by the instrumentation, namely, 0.016.4 mg/mL. These
experiments yield a weight average sedimentation coefficient,
5, which depends on protein concentration according to the
tendency of the protein to undergo an associatidissocia-

tion equilibrium (1). The association constarit,s is
calculated from the values of as a function of the total
protein concentration; wit follows that the sedimentation
velocity method works best at concentrations where both
dimers and tetramers are present in significant amounts. This

Structural AnalysisThe protein X-ray structures used, situation applies to the experiments performed at pH 6.0 and

identified by their Brookhaven Protein Data Bank code, are /-0- The experiments at pH 6.0 are presented in Figure 1.
1HHO, human oxy HbA: 1TINT. newnesHb1CO; and At pH 8.6, the hemoglobins analyzed are mainly tetrameric
1PBX, T. bernacchii(formerly Pagothenij Hb1CO. even at the lowest accessible concentrations. Therefore, the

The solvent accessible surface area (SAS), which corre-S€dimentation velocity experiments were supplemented by
sponds to the area traced out by the center of a solvent spher§edimentation equilibrium experiments. This technique al-
rolled over the surface of the molecule according to Lee and /0WS the analysis of the protein distribution through the whole
Richards 12), was calculated on a Silicon Graphics 02 ultracentrifuge _ceII (Figure 2), i.e., overa wide and continu-
workstation using the program Homology (ProStat/Access OUS concentration range, and yields diredtly values. Its
Surf) within the Insightll package (BIOSYM/MSI, San drawback, however, is the long time required to reach
Diego, CA). Values of tetramer and dimers were obtained €auilibrium (about 24 h). Moreover, as experiments are
by summation of the single amino acid SAS. usually conducted at various speeds to get more mforma_tlon,

The molecular surface (MS) area, defined as the contactthey can last for two or three days. Hence, they are_llmlted
surface between the solvent probe and the molecule and®ly to stable systems. In our case, tha values obtained
computed using the Connolly surface algorithm, was calcu- With both techniques are in good agreement (Table 1).
lated for dimers and tetramer using the Viewer Module  The three hemoglobins have the same dependenicg,of
(Molecule/Surface) of Insightll. on pH, in keeping with the structural similarity at the

The buried hydrophobic surface area at the interface wasinterfaces (Table 1). Thus, an increase in pH from 6.0 to
estimated by subtracting the value computed for the tetramer8.6 determines an increase in the stability of the tetramer
from the sum of the values computed for dimers. toward dissociation inte,3 dimers, such that at pH 8.6 the

Comparison and drawing of theys, interfaces was  proteins are almost entirely tetrameric, as evidenced by the
performed by superimposition of the structures of fish values ofl,4that are all around 100 mL m§ This behavior
hemoglobins to that of human HbA at the conserved region is in agreement with published data on the liganded (R) form
formed by the B, G, and H helices (BGH core). Computation 0of HbA (14).
of electrostatic interactions at the interfaces was performed From a quantitative point of view, lowering the pH from
using Insightll. Identification of all the residues involved at 8.6 to 7.0 causes a 5-fold decrease in the association constant

and
W, = Ly W, (7b)

These equations, introduced into an appropriately written
program, allow the calculation af; , from the dependence
of Son the total protein concentration Whe sedimentation
coefficients of monomer and dimer (hemoglobin dimer and
tetramer, respectively)sf); and &)., were kept constant
and determined the extreme values for the fit.
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Ficure 2: Sedimentation equilibrium of HbACO (a), Hb1TbhCO
(b), and Hb1TnCO (c) at 17 00@®} and 20 000®) rpm. The initial
protein concentration was 0.16 mg/mL in 100 mM Tris buffer at
pH 8.6. The data yield b, 4 value (mL mg?) of (a) 140+ 10; (b)
330+ 40; and (c) 119+ 9. The error distributions are shown.

Biochemistry, Vol. 40, No. 10, 20013065

Table 1: Dimer-Tetramer Association Equilibrium Constants,,
(mL mg™), in HbACO, Hb1TbCO, and Hb1TnCO Derived from
Sedimentation Velocity and Equilibrium Studies

pH 6.0 pH 7.0 pH 8.6
HbACO 1.0 28.3 164.6 (14@ 10)
Hb1TbCO 24.8 91.7 (158 10)  259.1 (330t 40)
Hb1TnCO 14.9 46.1 76.4 (119 9)

2Values are calculated from 10 to 16 independent sedimentation
velocity experiments. Numbers in parentheses refer to sedimentation
equilibrium experiments. Buffers used are 100 mM bistris (pH 6.0 and
7.0) and 100 mM Tris (pH 8.6). Protein concentration varies in the
range 0.016-1.4 mg/mL.

Table 2: Contacts at the,3, Interface in the Carbonmonoxy
Derivatives of HumanT. bernacchiiand T. newnesHemoglobind

HbACO Hb1TbCO Hb1TnCO
achain  fchain achain  fchain achain  fchain
Pro 37 His 97 Pro 37 His 97 Pro 37 His 97
Thr 38 His 97 GIn 38 His 97 GIn 38 His 97

Val 98
Asp 99 Asp 99 Asp 99
Pro 100 Pro 100
Tyr 145
Thr 41 Arg 40 Thr 41 Arg 40 lle 41 Arg 40
Leu 96 Leu 96
His 97 His 97 His 97
Tyr 42 Arg 40 Tyr42 Arg 40 Tyr 42 Arg 40
Tyr41
Leu 91 Arg 40 Leu 92 Arg 40 Leu 92 Arg 40
Arg 92 Pro 36 Arg 93 Pro 36 Arg 93 Pro 36
Trp 37 Trp 37 Trp 37
GIn 39 GIn 39 GIn 39
Arg 40 Arg 40 Arg 40
Val 93 Trp 37 Val 94 Trp 37 Val 94 Trp 37
Asp 94 Trp 37 Asp 95 Trp 37 Asp 95 Trp 37
His 41 Tyr41
Asp 99 Asp 99 Asp 99
Asn 102 Asn 102 Asn 102
Pro 95 Trp 37 Pro 96 Trp 37 Pro 96 Trp 37
Val 96 Asp 99 Ala 97 Asp 99 Ser 97 Asp 99
Glu 101 Asp 101 Asp 101
Asn 97 Asp 99 Asn98 Asp 99 Asn 98 Asp 99
Lys100 Asp101 Lys100 Aspl01
Leu100 Asp99 lle 101 Asp 99 lle 101 Asp 99
Tyr 140 Pro 36 Tyr 141 Pro 36 Tyr 141 Pro 36
Trp 37 Trp 37 Trp 37
Arg 142  lle 33 Arg 142
Val 34 Val 34
Tyr 35 Tyr 35
Pro 36 Pro 36
Trp 37 Trp 37

aResidues withi 5 A distance at theu$; interface. In theo chain
of Hb1Tb and Hb1Tn, due to the insertion of an amino acid at position
47, numbers of residues after this position are increased by one unit.
Residues in Hb1TbCO and Hb1TnCO that differ from HbA are in
bold-face.

of magnitude for HbACO but is only 10- and 5-fold for
Hb1TbCO and Hb1TnCO, respectively. As a result, lthe
values of the three hemoglobins are rather similar at pH 7.0
and 8.6, but differ at pH 6.0, where HbACO is significantly
more dissociated than the two fish hemoglobins. The
similarity in behavior of Hb1TbhCO and Hb1TnCO reflects
the very high sequence and structure homology between these
two proteins, whereas the differences with HbACO can be
ascribed to the larger number of substitutions at the relevant

of HbACO, whereas the decrease is less marked (2-fold) in a3, interface (Table 2).

the fish hemoglobins. At pH 6.0, dissociation is much higher
than at pH 7.0 in HbACO (about 30-fold). The same pH

Structural AnalysisThe hydrophobic surface buried at the
ouf32 interface upon association of dimers into tetramers has

change has a lesser effect on Hb1TbhCO and Hb1TnCObeen calculated in two different ways that yield the SAS

(about 3-fold). Thus, the overall decreasd. gf, is 2 orders

(solvent accessible surface) and the MS (molecular surface)
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Table 3: Solvent Accessible Surface (SAS) and Molecular Surface studies on HbA mutants f:f’irrying specific mutations show
(MS) Area Buried at the Interfaces in Liganded HbA, Hb1Tb, and  that changes, e.g., at positiBa12, may have small effects
Hb1Tr? on thel, 4 value (6, 17).

SAS MS Residues at the relevamty3, interface influence the
association-dissociation equilibrium through distinct types
s + o af + a aiffz + @ affs + o . . .
e lﬂ;mzzﬂl 1ﬂ14143262 ﬁleO;ﬂl b 230252 of interactions. The strongest ones involve charged or polar
HblTéCO 3227 4413 1481 2703 residues, and in particular hydrogen bonding interactions,
Hb1ThCO 3143 4246 1537 2516 as they contribute to the protein stability for about 1.5 kcal/

= Extension of thexps, abs, afs, andasfs interfaces (R). Values mol (7). The free energy gain due to hydrophobic interac-

are calculated according to Lee and Richards (SAS) or Jackson andtions, in turn, is of about 1525 Ca|/m0+A_2 of hydrophobic
Sternberg (MS). surface buried at the interfacé, (18). This apparently low

value becomes relevant if one considers that the extension
of the interface amounts to thousands &f(Kable 3).

The structural analysis of the,3; interface on the three
hemoglobins under study shows that in the two fish
hemoglobins hydrophobic and polar contributions to the
tetramer stability are essentially the same and are larger than
in HbA. Thus, in both Hb1ThCO and in Hb1TnCO associa-
tion of dimers into tetramers leads to the burial of a more
extensive hydrophobic surface with respect to liganded HbA,
as well as to the formation of more hydrogen bonds. A
guantitative estimate of the free energy gain cannot be made,
as it should be diminished by the energy loss due, for
example, to steric interactions, which are difficult to measure.

The stability of then,3; interfaces in HbDACO, Hb1TbCO,
and Hb1TnCO as apparent from the analytical ultracentrifu-
gation experiments is in good agreement with the structural
analysis. The hemoglobins from the two Antarctic fishes

- ; : studied are more associated than human HbA and their
hemoglobins relative to HbACO. Calculations on thg tetramers are quite stable even in the ligand bound carbon-

andogf, interfaces were also made. The hydrophobic surface monoxyderivative. This behavior is similar to that of

area buried at S-UCh interfaceg is_ essentially the same in thenemoglobins from fishes that live at temperate latitudgs (
three hemoglobins (Table 3), indicating that these mterfaceslg). Hence, cold adaptation of Antarctic fishes does not

have no influence on the differential stabilization of the three ) L e g
appear to influence the associatiaissociation equilibrium

tetrameric structures. of their hemoglobin significantly
d The dstatehcg‘ asr?_cl)_mgtlton Otf hemog(;ort])lrés IS knbowg to A further distinctive feature of both fish hemoglobins
epend on ydrophilic Interactions, and Nyarogen bonas In o yye 1o HHACO is that the stability of the Hb1TbCO and

Sﬁggrugtghiﬁc;;%ﬁ;u%uﬁs :ff}\r): I;]gadr;geggebrggggotgpg Hb1TnCO tetramers is not pH-dependent. The factors that
y ydrog may contribute to the destabilization of the tetrameric

formed between residues of tee and-subunits, two of structure at low pH are difficult to bring into focus on the

Y;?;Pac?are w:g:;e% ?}’e (;_r;jhe rﬁgm\galtgg.r?;o,:ﬁg?;e;r:‘te.thhet basis of the available structural data that refer to crystals
Ih d ' ng d f' hi hltw d ?h ! diat dlgb grown under alkaline condition§,(20, 21). Some hypotheses
wy trc:g:en OIntivS’I , ir\:Vl—:ngbgoan nd ;i(el%:%g]e,:;a ? 3y can nevertheless be made. The pH dependence of association
Tab(Ia ,4es:|;_)hech Zry n bondin antrib tion t th( tgtli em ,r can be ascribed;eteris paribusto the breaking or to the
aie )- The hy ogen bo gco ution to the tetramer ¢ ation of hydrogen bonds upon protonation/deprotonation
stability, therefore, is in agreemgnt with the _assoglatlpn of one of the residues involved or of a residue in their
constants measured_ through. anquucal ultracer)tnfuganon., IUStproximity. Hydrophobic interactions would have only minor
as the hydrophoblc contribution. In the liganded fish contributions and can be neglected. Among the three
hemoglqblns, th? numper of hyd“’ger? bonds formed upon hemoglobins under study, the dimeetramer equilibrium
ﬁzf:g'e?“igr}a?f;'?]zrs iwtﬁbtztramers is the same and thISis strongly pH-dependent only in HbACO. Therefore, a more
9 ' detailed analysis of the residues involved in the formation
DISCUSSION of hydrogen bonds at the,f5, interface of liganded HbA
has been conducted, in comparison with the two fish
Association of hemoglobin dimers into tetramers is driven carbonmonoxyhemoglobins (Figure 3, Table 4). Such analy-
primarily by the interactions between residues present at thesis reveals differences in the hydrogen bonds formed, in
newly formed interfacesy,5, anda,f:1. Also, other contacts  particular those involving Hig97 and Asp399. His 597,
are formed, namely, those at tlgo, and 13- interfaces in fact, is hydrogen bonded through the backbone carbonyl
the latter only in the R state), but they are less relevant asgroup to Thra38 in ligande ut not in
(the | ly in the R ), but th I I Thra38 in liganded HbA b in Hb1TbCO
they involve a much smaller number of residues. The and Hb1TnCO. This is due to the substitution of T88
contribution of thea 51 (andaf,) interfaces likewise can  with Gln both in Hb1Tb and in Hb1Tn, which leads to the
be disregarded, as these two “stationary” contacts do notformation of two hydrogen bonds between @&I88 and Asp
change upon ligand binding. As a matter of fact, recent 599. These hydrogen bonds are not present in HbA. Ordered

area. The SAS area is widely used in protein modeling to

describe the entropy driven hydrophobic effect, whereas the
MS area is related to the free energy of processes in solution
(15). Values from SAS measurements are always higher than
those from MS, due to the contribution of the probe radius.

Moreover, the two sets of values are not simply correlated
by a constant of proportionalityl ).

The data obtained on Hb1TnCO, Hb1TbCO, and liganded
HbA (given in Table 3) are in agreement with the experi-
mental dimer-tetramer association constants. Thus, in
HbACO, which is characterized by a lower , value,
association of dimers into tetramers leads to the burial of a
smaller hydrophobic area than in Hb1TbCO and Hb1TnCO.
Moreover, for the two fish hemoglobins the area of the
surface buried upon association of dimers is very similar, as
expected from the higher structural similarities between these
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FIGURE 3: Stereo diagram of the,/3; interfaces of liganded HbA (a), Hb1Tb (b), and Hb1Tn (c). Residues ofittendS-chains are in blue and
red, respectively. Residues that are out of the interface in at least one species are in a lighter shade. Structural water molecules are in green and
hydrogen bonds in black.
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Table 4: Hydrogen Bonds at the/, Interface in the
Carbonmonoxy Derivatives of Humam, bernacchiiand T. newnesi
Hemoglobins

donor acceptor distance (A)
HbACO Thro38 His 397 3.22
Arg 092 GIns39 3.18
Asp 094 Asnp102 2.80
H,O Aspo94 3.25
Asn 3102 HO 3.20
H,O Thra38 2.75
H,O His 597 2.58
Hb1TbCO GIna38 Aspf99 3.28
Arg al42 Val$34 3.13
Arg al42 Vals34 3.13
Arg 40 Leua92 2.96
Asp 499 GIno38 311
Asn 102 Aspa95 3.21
Asp a95 H,0O 3.26
His 841 H,0 3.09
Asp 399 H,0O 2.92
Hb1TnCO GIna38 Aspp99 3.08
Arg 0142 Val$34 2.84
Arg 40 Leua92 3.24
Asp 399 GIna38 2.95
Asn 5102 Aspo95 3.24
H,O Tyra42 2.59
Tyr p41 H0 2.58
H,O Asna98 3.24
H,O Glna38 2.64
H,O His 597 2.52

water molecules also contribute differently to the formation

Giangiacomo et al.

(unliganded) structure rather than in the R (liganded) one.
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tetramers that are stable in the pH range-®&@®. In turn,

HbA displays a Bohr effect and dissociates into dimers below
pH 7.0. The lack of correlation between the pH dependence
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