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R;lttleSnake Hemoglobins: Functional Properties and Tetrameric Stability
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Abstract: The present work analyzed the tetrameric stability of the hemoglobins from the rattlesnake C durissus
terrificus using analytical gel filtration chromatography, SAXS and osmotic stress. We show that the dissociation
mechanism proposed for L. miliaris hemoglobin does not apply for these hemoglobins, which constitute stable

tetramers even at low concentrations.
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INTRODUCTION

Several papers report that, in the absence of organic
polyphosphates (stripped form), hemoglobins (Hb) from
several species, exhibit high oxygen (O,) affinity, a lower
alkaline Bohr effect than that described for human hemoglo-
bin, and non-cooperative O,-binding at high pH values.
However, in the presence of organic polyphosphates, such as
acenosine triphosphate (ATP) or inositol hexaphosphate
(IHP), these hemoglobins show an evident oxygen affinity
decrease and a simultaneous increase of the Bohr effect and
cooperativity [1,2,3]. The initial proposal was based in the
hemoglobins from the semi-aquatic South American snake
Liophis miliaris. It was proposed a mechanism for oxygen

transport involving oxy-dimer / desoxi-tetramer reversible -

transitions [1,4]; deoxygenated Hb would predominate in the
tetrameric state (¢i2,), splitting into dimers (o) when oxy-
genated.

Subsequently, this mechanism was extended to other
snake species, such as, Bothrops alternatus [5], Boa con-
strictor [3] and Helicops modestus [6]. For Mastigodryas
bifossatus hemoglobins [7] the authors concluded that there
were no clear evidences supporting the dissociation hypothe-
sis, at least for that species.

In order to find a structural explanation for the dissocia-
tion hypothesis, Matsuura et al. [8] sequenced two globin
chains of Liophis miliaris. The results showed that in the
2, interface region there are two substitutions, which the
authors identify as essential to understand why that hemo-
globin would dissociate. The residue Glu B 101 (G3) was
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substituted to Val and Glu B 43 (CD2) was changed to Thr.
According to the authors, this loss of two negative charges
per beta chain would destabilize the tetramer, favoring its
dissociation.

In 1999 it was reported [6] that the stripped hemolysate
of the semi-aquatic snake Helicops modestus displayed high
affinity for O,-binding, and absence of both Bohr effect and
cooperativity, what was interpreted as agreeing with the ex-
pected behavior for dimeric Hb. In the presence of organic
polyphosphates, the hemoglobin showed low oxygen affinity
and O,-binding became cooperative (at pH below 7.5), func-
tional features compatible with the tetrameric form. At
higher pH values, the authors reported a gradual decrease of
the cooperativity, suggesting a weakening of the electrostatic
interactions between ATP and Hb, and dissociation to di-
mers. The authors proposed that most of ectothermic animals
have hemoglobins that dissociate reversibly between tetram-
ers and dimers.

In the present work, we analyzed the functional properties
of Os-binding and the tetrameric stability of the major he-
moglobin from the South American rattlesnake Crotalus
durissus terrificus by analytical gel filtration chromatogra-
phy and Small Angle X-Ray Scattering (SAXS). In addition,
we investigated, by osmotic stress, the number of water
molecules differentially bound to the oxygenated form, using
as a probe to check dissociation phenomena. We looked for
functional and structural evidences of dissociating hemoglo-
bins, as described for the semi-aquatic snake Liophis mil-
iaris. .

There is an implicit idea that dissociating hemoglobins
would occupy an intermediate evolutionary stage between
monomeric Hbs and the tetrameric assemblies found for
lower and upper vertebrates, respectively [9].

It is essential to remember that vertebrafe hemoglobins
split into dimers at low concentrations, but for a dissociation
phenomenon having a physiological meaning, it should be
operational at the high Hb concentration found within the red
blood cells. On the other side, most of the reported func-
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tional studies are usually performed using diluted (about 3%
v/v) Hb solutions.

MATERIAL AND METHODS

Adult rattlesnake (Crotalus durissus terrificus) speci-
mens weighing 300-500g were supplied by the Institute
Butantan (S&o Paulo) and the Central Animal Facility of our
Campus. The animals were anesthetized with ether, and
blood was collected by cardiac puncture, using a syringe
containing buffered saline (0.05M Tris-HCl pH 8.0 contain-
ing 0.9% NaCl, 0.2% D-Glucose and ImM EDTA) solution.
Red blood cells were washed four times by centrifugation
(2,000 xg for 10 minutes each) with buffered saline. Hemo-
lysis was accomplished with buffer 0.03M Tris-HCI pH 9.0
containing ImM EDTA, followed by centrifugation (8,000
xg for 60 minutes). The stripped form (Hb without phos-
phates) was obtained by dialysis against the same buffer and
concentrated by centrifugation using Amicon Centriprep-30,
followed by gel filtration on Sephadex G-25 (Sigma) on a
2.6 x 30 cm column equilibrated with the same buffer.

Hemolysate purification was performed on DEAE-
Sepharose Fast Flow (Pharmacia) using a linear saline gra-
dient between 0.03M Tris-HCI buffer pH 9.0 and the same
buffer, containing 0.04M NaCl. The isolated components
were further deionized by several passages through mixed-
bed Amberlite MB-1 (Sigma), concentrated by centrifugation
as described, and stored in aliquots in liquid nitrogen until
use. All buffers were prepared using ultra pure water (ELGA
Scientific). The purity of the samples, stabilized by carbon
monoxide, was verified by isoeletric focusing in agarose gels

{10]. Human hemoglobin HbAo was also purified from.

blood collected of a healthy non-smoker adult by ion-
exchange chromatography and used in SAXS experiments as
a control.

Oxygen equilibrium determinations were performed at
20°C by the tonometric- spectrophotometrlc method [11] us-
ing stripped Hb form and in the presence of anions (ATP and
chloride). Protein concentration was about 50-60uM (heme)
in suitable 0.05M buffers (Hepes & Tris) covering the pH
range from 7.0 to 9.0. The experiments were performed add-
ing catalase and superoxide dismutase in order to decrease
methemoglobin formation [12]. Samples containing more
than 5% methemoglobin were discarded. The spectra of he-
moglobin solutions were collected in the range from 500 to
700nm using a Cary 100 Scan spectrophotometer (Varian).

Conformational changes were studied V_by the osmotic
stress method [12,13], estimating the number of water mole-

cules differentially bound to the oxygenated form. These

experiments were performed using 0.03M Hepes-NaOH pH
7.5 buffer at 20°C, setting water activity by adding sucrose
(analytical grade). Colombo er al. [13] demonstrated that
binding of sucrose to Hb can be ruled out.

Proton binding per heme (AH"), also known as “Bohr
effect” was estimated using equation 1:

AH" = Alog P,y / ApH [14]. m
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The calculation of the binding constants of ATP for both
the oxy (Ko) and deoxyhemoglobin (Kp) forms of Hb-II wag
perfoxmed using Equation 2 as a model by non-linear regres-
sion based on the Levenberg-Marquardt algorithm,

1+ K, [X]

1
log(Psy) , =log(Ps,), + log p)
’ i Ork ] @
where log Pso, and Pso, refer to the measurements in the pres-
ence and in the absence of ATP, respectively, Kp-and K are
the ATP association constants for the deoxy and oxyhemo-
globins and X is molar concentration of free ATP [15,3].

The number of oxygen-linked ATP molecules bound per
subunit was calculated using Wyman’s linkage equation
(16}

-Ax=Alog P, / Alog|ATP] 3)

Since the initial slope of logPsy/log[ATP] showed that a
single phosphate binds to each hemoglobin, free ATP was
calculated by subtracting Hb concentration from nominal
phosphate molarity. These experiments were done using 0.05
M Tris-HCI buffer, pH 7.5 at 20°C.

The dimer to tetramer association constant (*K,) was de-
termined by analytical gel filtration chromatography using
the method developed by Ackers [17]. The experiments were
performed on a Sephadex G-75 column (1 x 20cm) at room
temperature, previously equilibrated with 0.05M Tris-HCl
buffer, pH 8.0. The hemoglobin samples, stabilized with
carbon monoxide to avoid oxidation, were applied as large
volumes in the concentration range from 1 to 60uM (heme).
The column flow rate was maintained at about 12 mL/hr
with a peristaltic pump P-1 (Pharmacia). Continuous absor-
bance readings of the elution profile were collected using a
quartz flow cell attached to a Cary 100 spectrophotometer
(Varian). The void volume Vo was determined with blue-
dextran solution, and the column was calibrated with Myo-
globin (Sigma), Carbonic Anhydrase (Sigma) and deoxygen-
ated Human Hemoglobin A. The internal volume V; was
measured with ATP (Sigma), reading the absorbance at
260nm. The usual approach involves transforming the elu-
tion volumes to partition coefficients using the equation 4:

o=(V,-V,)/V, @)

where Ve is the elution volume, V, the exclusion volume
(dextran blue), and Vi the internal volume (ATP). V, and Vi
correspond to the limits 0 and 1, respectively. Since we did
not find differences between using the partition coefficients
or the elution volumes-for the fitting, we chose to use these
for the estimation of 'Ka.

Dimers' association can be represented by the expression 5
below:

Hb, + Hb, = Hb, ©)

where the dimer's fraction fy will be described by equation 6:

Hb
f=|——— ©)
Hb, + Hb,
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The association constant for the bound state (‘Ky) is rep-
resented by the fraction of tetramers divided by the fraction
of dimers, as shown by :

Ky =| Ly [ 1 S M

i Ji *Hb

The total Hb concentration is represented by fy+f, , and
we cadn rearrange the previous expression as shown below:

) ”Kz*f;f*Hb+_f;1—-1:0 ' (8)
obtaining a quadratic equation with fz=X,

Accordingly, we can calculate the root f; as shown by

equation 9:
—1+1+*K, * Hb
fo= Py ©)
2% K, *Hb

The association constant 'K, was estimated using nonlin-
ear regression, applied to equation 10:

Vw = Ud *U/d - VI ))+ ‘/l (10)

where V,, refers to the Hb solution, f; is the fraction of di-
mers, and V; and V, represent the elution volumes for the
dimers and tetramers, respectively (18=Nenortas and Beckett
1994), constrained within the upper and lower limits ob-
tained independently as described below. In the model f; was
substituted by equation 9.

V. was obtained by passing deoxygenated human hemo-

globin, and estimatives of V4 were obtained as reported by -

Peruiz et al. [19] and Chiancone et af. [20]:

V=W +V, 2 an

The equipment used to collect Small Angle X-Ray Scat-
tering (SAXS) was a generator of X-ray with rotating anode
Rigaku RU300. For the SAXS experiments was utilized a
target of copper and radiation K,=1,54A. The x-ray beam
was colimated with a block slit system [21] and Kgradiation
was eliminated using a Ni filter. The equipment potency was
4,5kW (50kV —~ 90mA). The contributions to the scattering
intensity from the solvent, capillary and air were subtracted
from the total intensity.

The SAXS measurements were carried out using Hb-II
concentrations 10 mg/mL and collecting time between 6-8h,
at room temperature (20°C). The buffer utilized in the ex-
periments was 0.03M Hepes pH 7.0 and 8.0.

Information of the quaternary molecular structure were
obtained from the distance distribution function p(r):

p(r)= f: I(h)(hr)sin(hr)dh (12)

27’

The p(r) function is proportional to the number of pair of
electrons separated by the distance r which are encountered
by combinations between all the elements of the macromole-
cule.

Protein & Peptide Letters, 2006, Vol. 13, No. 5 519

The radius of gyration of macromolecule in solution is
determined either Guinier approximation or by p(r) function.
The advantage to use the p(r) function is that the whole scat-
tering curve is used in the calculation and not only a small
fraction of curve, as when Guinier approximation is used.
The radius of gyration of the molecule is related to p(r) by:

_ J: p(rridr
| 2f0wp(t)dr

The p(r) function has been determined by indirect Fourier
transformation using the ITP program developed by Glatter
[22]. This method was shown to be more efficient than the
direct Fourier transformation for which termination and
background effects are strong [23].This program was also
used to determine the desmeared and smoothed scattered
intensity I(h), free from smearing collimation effects.

R} (13)

The theoretical p(r) functions were calculated using the
program Multibody [24], modified in order to make molecu-
lar model building easier [25]. The models used in this pro-
gram were generated from an arrangement of small spheres
that reproduce the desired molecular shape and size. To ob-
tain the theoretical p(r) function, at dimeric form, were util-
ized atomic coordinates of the human hemoglobin (1HHO),
depositing in the data bank of tridimensional structures. We
used the coordinates of alpha and beta globins to get a p(r)
function of the dimeric form. With these coordinates, build-
ing dimer utilizing program Multibody [24] in order calcu-
late radius of gyration and maximum dimension. The same
atomic coordinates and procedure were utilized to get a p(r)
function to tetrameric form.

RESULTS

The hemolysate of Crotalus durissus terrificus showed
six components. The analysis of several specimens (not
shown here) did not show differences with that pattern. The
second component (denominated Hb-11) was the major frac-
tion (about 35%), as shown in Fig. 1. -

I IT L

Figure 1. Hb pattern obtained by agarose isoelectric focusing
after ion exchange chromatography showing I) purified Hb-II
and I1) hemolysate. The agarose gel was performed at 4°C, utiliz-
ing ampholines covering pH ranges 3-10 and 7-9 (Pharmacia).
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The hemolysate was submitted to ion-exchange chroma-
tography using DEAE-Sepharose in order to isolate the ma-
jor (second) component, which was denominated Hb-IL. The
present work was performed mostly with the |solated Hb-1I
(Fig. 1), although the data for determination of ‘K, were also
obtained with the stripped hemolysate.

Figure 2a shows the Bohr effect of Hb-II at 20°C. There
is a clear biphasic character of the O,-affinity for the stripped
form and in the presence of 0.}1M chloride. In the short pH
range from 7.0 to pH 7.5, both exhibit a Bohr effect: -0.60.
-and -0.12 H'/heme respectively, but proton binding disap-
pears above pH 7.5 for both experimental conditions. The
stripped form showed high oxygen-affinity values: logPs, = -
0.15 (0.7 mm Hg) at pH 7.7. Analysis of the cooperativity
(nso), as observed in (Fig. 2b), shows a small dependence
with pH change. At pH 7.0 ns;=1.8 and decreased to 1.4 at
pH 9.0.

38 - 2b
o Hb-lstiipped
® Hb-HH100mM NaCl

A HpdiimMW ATP
15

& 2.8 4

70 15 3.8 83 9.8

2a

0O Hb-ltstripped
@ Hb-11100mM NaCl
A Hb-llimMATP

0,8

8,24

0,0 -

'0-2 T ¥ ¥ ¥ ¥ ¥ T ¥ T
7.0 1.5 8,0 8.5 9.0

Figure 2. Cooperativity (nso) and oxygen affinity (Log Pso) of
Hb-II from Crotalus durissus terrificus in different pH values at
20°C, in the absence and in the presence of anions (ImM ATP
and 0.IM Chloride). Hemoglobin concentration was 60uM
(heme).
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In the presence of 0.1M NaCl, we verified a small de-
crease in the affinity of Hb-II in comparison to the stripped
form, more clear above pH 8.0. In the presence of chloride
most of the data showed a slight increase of cooperativity
compared to the stripped Hb.

In the presence of ImM ATP, the oxygen affinity of Hb-
II decreased sharply to log Ps¢=0.64 (P50—4 4 mm Hg) at pHq
7.7, and the Bohr effect (-0.44 £ 0.06 H'/heme) can be ob-
served for the whole pH range tested. Under the same ex-
perimental conditions, cooperativityr(nso)‘ did not show de-
pendence with varying pH, remaining always around 2.0,
higher than for the stripped form.

Figure 3 shows the effect of ATP concentration on oxy-
gen-affinity in the range from 5uM to 5SmM. The results
showed a differential binding of ATP between the deoxygen-
ated and oxygenated forms (-Ax) of 0.25 per heme, as ex-
pected for a 1:1 relationship (ATP:Hb tetramer). The values
for the ATP assocxatlon constants for deoxyhemoglobm were
Kp=5.13+0.85x10° M and Kg=1.92+0. 63x10° M.

1e+0

log P5g
A

log [ATP) Molar

Figure 3. Effect of ATP concentration on the oxygen affinity.
The slope of the straight portion of the line indicates the
amount of ATP bound per subunit. The experiments were per-
formed with 0.05M Tris-HCl buffer pH 7.5, at 20°C. Hemoglobin
concentration was 60uM/heme.

Since Hb dissociation would increase significantly the
number of water molecules differentially bound between the
oxygenated and deoxygenated forms, since dimers would
expose the usually buried area between dimers, we used the

" osmotic stress approach as a probe to check the existence of

that phenémenon. Figure 4 shows the data gathered for three
experimental sets: stripped form, in the presence of 0.1M
chloride, and in the presence of ATP. The results show that
the number of water molecules differentially bound to the
oxygenated form (An,), was 367 water molecules in the
stripped form, increasing to 52*10 water molecules in the
presence of chloride. In the presence of ImM ATP, An, de-
creased to 45°11 water molecules.

A direct measurement of the tetrameric stability is meas-
urement of the Dimer-Tetramer equilibrium Association
Constant (‘K,). Figure 5 shows the relationship between
hemoglobin concentration and the centroid elution volume
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for Crotalus Hb-11. The results obtained after the elution of
the stripped form, by analytical gel filtration chromatogra-
phy, had an elution volume of 8.7+0.08mL, which is very
similar to human hemoglobin (Hb Ao): 8.67+0.01 mL be-
tween 30-40 uM (heme). At lower concentration (between 5-
10 uM) the elution volume was also very similar to human
hemoglobin (8.85+0.01mL): 8.84+0.05 mL for Hb-1I. We
also analyzed the behavior of the hemolysate from Croralus.
We did not observe significant differences between the hemo-
lysate (stars) and purified Hb-II (down triangles and squares).
The estimated Dimer-tetramer association constant of Hb-II
was 1.5£0.24x10" M

0.5+
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Figure 4. Dependence of In Pso of Hb-II from Crotalus on water -

activity (Ina.) at different sucrose concentrations. The buffer
utilized was 0.03M Hepes-NaOH pH 7.5, at 20°C, in the presence

and absence of anions. The sample concentration was
60pMheme.
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Figure 5, Comparison between the centroid elution volume of
Crotalus Hb-1I and human hemoglobin (HbAo) (both stabilized
with CO), as a function of hemoglobin concentration. The ana-
lytical gel filtration chromatography was done in Sephadex G-
75, using 0.05M Tris-HCI pH 8.0, at room temperature. Crotalus
Hb-1I was analyzed in two different sets (applications I and II).
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Concerning SAXS experiments, (Fig. 6) exhibits a plot
of the distance distribution function p(r) for Hb-II compared
to human hemoglobin.

Figure 6. Comparison between the distance distribution func-
tions p(r), considering the curve number (lower right axis): 1.
Dimeric human hemoglobin (theoretical data), 2. Tetrameric
human hemoglobin (theoretical data), and experimental data: 3
and 4. Experimental data for human hemoglobin at pH 7.0 and
8.0 respectively, 5 and 6. Experimental data of Hb-II from Cro-
talus durissus terrificus at pH 7.0 and 8.0, respectively. All
experiments were performed in 0.03M Hepes buffer pH 7.0 and
8.0, at 20°C. The sample concentration was 0.6mM/heme.

Initially the data concerning the radius of gyration and
maximum dimension obtained for human hemoglobin were
determined from atomic coordinates (1HHO) of this protein
deposited in the Protein Data Bank. The radius of gyration
and maximum dimension obtained for this first data set were
23 and 174, respectively.

Subsequently, we performed a data collection for a sec-
ond data set of Hb human, at pH 7.0 and 8.0, in order to
confirm the theoretical data obtained in the first data set. The
radius of gyration measurements, at pH 7.0 and 8.0, were
23.2 and 22.9A respectively. These results validated our
theoretical calculations.

The data show that Hb-II have a radius of gyration of
22.6A and maximum dimension of 63A. These data are very
similar to the values observed-for human hemoglobin, as
discussed above. ' '

DISCUSSION

The number of hemoglobins found for Crotalus duris-
sus terrificus is higher than the reported number for other
snakes like Liophis miliaris, Bothrops alternatus, Mastigo-
dryas bifossatus, and Laticauda laticaudata , having only
two components [1,5, 3, 26]. Intra specific variations in the
hemolysate pattern could be ascribed to sex, age, season, etc.
Although we analyzed blood from several specimens, did not
find variations of that pattern.

rof, ODIAINING Ko™ ZL.UTULXIVU v, wiikhh 15 i
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aoreement w1th those values reported in the literature [37]
(1.0x10°M™).

The data obtained for Hb-II (*K;=1.5+0.24x10'M™")
showed that the assembly, checked both for isolated Hb-1I
and the stripped hemolysate, contains stable tetramers, being
less dissociated than human hemoglobin (Fig. §). If the he-
moglobin had the behavior proposed for Liophis miliaris
hemoglobin, the elution values would reach those indicated
by the “of3 dimer” label in figure 5, or at least close to it.

The data allow us to estimate that, under the experimen-
tal conditions used for the functional studies (60uM/heme),
Hb-1I exhibits 97% of tetramers in solution. Dumolin et. al.,
[38] analyzed the dissociation constant of human hemoglo-
bin, in the range of concentrations between 0.02 and 4uM.
They found that human hemoglobin, at 1uM, possess about
60% tetramers in solution, whereas under similar conditions,
Hb-II possess 78% as tetramers.

In order to check the previous data, we carried out ex-
periments of SAXS for Hb-II in solutions at pH 7.0 and 8.0,
since the hypothesis concerning Hb dissociation has always
proposed a physiological role, what implies that it must
occur even at high Hb concentrations.

The radius of gyration and maximum dimension of a
macromolecule are important parameters that characterize
molecular species with different molecular mass, such as the
hemoglobin tetramer (64kDa) and its dimeric form (32kDa).

The data (figure 6) show that Hb-II possess a radius of
gyration of 23.6A at pH 7.0 and 23.8A at pH 8.0. The
maximum dimension of this protein was 63A.

These results agree with reported values for human he-
moglobin, whose radius of gyratlon is 22.8A at pH 7.0 and
23. 7A at pH 8.0. The maximum dimension for human he-
moglobin and Hb-1l was 63A. However, these data are very
different compared to the dimeric hemoglobin, which has a
radius of gyration of 17A and maximum dimension of 50A.

These results also confirm the presence of tetramers of in
solution. Therefore, the idea proposed [6] that most of ec-
tothermic animals have dimeric hemoglobins in the oxygen-
ated form, as proposed for Liophis miliaris and Helicops
modestus is not valid, and should be supported by experi-
mental evidences.
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