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Considerable interest is currently focused on ®sh haemoglobins in

order to identify the structural basis for their diversity of functional

behaviour. The armored cat®sh Liposarcus anisitsi presents acces-

sorial air breathing through a modi®ed stomach, which allows this

species to survive in waters with low oxygen content. The analysis of

its haemolysate has shown the presence of four main haemoglobins,

with this work focusing on haemoglobin IV (LaHb-IV). LaHb-IV was

crystallized and X-ray diffraction data were collected to 2.4 AÊ

resolution using a synchrotron-radiation source. The crystal belongs

to the orthorhombic space group P212121, with unit-cell parameters

a = 52.6 (1), b = 104.8 (2), c = 113.9 (2) AÊ ; preliminary structural

analysis revealed the presence of one tetramer in the asymmetric

unit. The structure was determined using the standard molecular-

replacement technique.
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1. Introduction

Fish haemoglobins exhibit a greater variety of

functional behaviour compared with mamma-

lian haemoglobins, in terms of cooperative

ligand binding and allosteric control exerted by

a variety of chemical factors, such as H+,

Clÿ, CO2 and 2,3-biphosphoglycerate (BPG)

(DeYoung et al., 1994). This characteristic

re¯ects a structural diversity guided by evolu-

tionary pressure exerted by the adaptation to

differing environmental and physiological

needs (Perutz, 1996; DeYoung et al., 1994;

Fadel et al., 2000; Smarra et al., 1997, 1999,

2000).

Vertebrate haemoglobins cooperatively

bind molecular oxygen, the required electron

acceptor in the respiratory chain. Several

chemical agents, known as heterotropic

ligands, and also temperature can in¯uence

haemoglobin oxygen equilibria (Perutz, 1996;

Seixas et al., 1999). For most vertebrate

haemoglobins, oxygen af®nity at alkaline pH is

lowered, a property known as the Bohr effect.

This property arises from preferential proton

binding to the low O2-af®nity state (T) and its

stabilization (Perutz, 1996; Camardella et al.,

1992). An exaggerated response to proton

binding is present in several ®sh haemoglobins

and is known as the Root effect, with a

presumed role in pumping oxygen into the

®shes' swim bladders (Brittain, 1987; Honda et

al., 2000).

On oxygenation, human haemoglobin liber-

ates one proton per tetramer, whereas carp

haemoglobin liberates 3.6 protons per

tetramer. Based on the high-resolution crys-

tallographic structure of the carbon monoxide

bound form of haemoglobin from Leiostomus

xanthurus, Mylvaganam et al. (1996) proposed

a molecular mechanism for the Root effect.

The authors proposed that positively charged

clusters across the �1±�2 interface in the

R-state, identi®ed in the structure, are

responsible for part of the Root effect. When

pH lowers, protonation of the � N-terminus

and His�147(HC3) within these clusters is

claimed to destabilize the R-state and to

promote the acid-triggered allosteric R!T

transition, with concomitant O2 release. More

recently, a new ®sh haemoglobin structure

became available (Mazzarella et al., 1999) and

its structural analysis led to somewhat

contrasting results with the above explanation

of the Root effect, suggesting that the differ-

ences in the pH dependence cannot be related

to the modulation of the R-state as had been

proposed previously.

L. anisitsi (Siluriformes, Loricariidae) is a

South American armoured cat®sh able to

survive in waters with very low oxygen content

owing to its ability to gulp air at the surface.

The modi®ed stomach, which acts as an

accessorial gas-exchange organ, permits more

ef®cient blood oxygenation. Four haemo-

globins have been identi®ed in its haemolysate,

with isoelectric points ranging from 7.2 to 8.3

(Smarra et al., 1997, 2000). The present work

was performed on LaHb-IV.

2. Materials and methods

2.1. Purification

Blood was collected by caudal puncture

after an adaptive period of 4 d in aquaria.
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Subsequent procedures were carried out at

low temperature (around 277 K). Red blood

cells were washed by centrifugation four

times with buffered saline (50 mM Tris pH

8.5 containing 1 mM EDTA). Haemolysis

was accomplished with buffer A (50 mM

Tris±HCl pH 8.5 containing 1 mM EDTA),

followed by centrifugation (1000g for 1 h)

and ®ltration to remove debris. An aliquot

was kept for phosphate determination. For

phosphate removal, haemolysate dialysis

was performed against buffer A, followed by

gel ®ltration on a 1.6 � 70 cm column

(Sephadex G-25).

Haemoglobin puri®cation was performed

on DEAE-Sephadex A-50 using a pH

gradient between buffer A and 50 mM

bis-Tris pH 6.5. The isolated components

were further deionized by several passages

through a mixed-bed Amberlite MB-1

(Sigma), concentrated by centrifugation on

Amicon microconcentrators and stored in

liquid nitrogen until use. Four main

haemoglobins were identi®ed in the

haemolysate: LaHb-I, LaHb-II, LaHb-III

and LaHb-IV.

Non-denaturating electrophoresis was

performed in 10% polyacrylamide gel and

cellulose acetate.

Analytical isoelectric focusing was

performed in agarose gels. The bands

containing haemoglobin were cut off and

eluted in deionized water for pH measure-

ment and isoelectric point estimation.

2.2. Crystallization and X-ray data

collection

The oxygenated form of LaHb-IV was

concentrated to 10 mg mlÿ1 in 50 mM

Tris±HCl pH 8.5.

Crystallization trials were performed

using the hanging-drop vapour-diffusion

method at a temperature of 298 K.

Crystals of LaHb-IV were obtained in

several different crystallization conditions

using the hanging-drop vapour-diffusion and

sparse-matrix methods (Jancarik & Kim,

1991). The best crystals were obtained after

2 d growth from drops in which 7 ml of

haemoglobin solution (10 mg mlÿ1) was

mixed with an equal volume of reservoir

solution (0.1 M Tris±HCl pH 8.5, 0.2 M

sodium acetate, 30% PEG 4000). The crys-

tals were harvested in the well buffer and

mounted in 1.0 mm borosilicate glass capil-

lary tubes for X-ray data collection.

X-ray diffraction data were collected from

a single LaHb-IV crystal at a temperature of

281 K and a wavelength of 1.547 AÊ using the

Synchrotron Radiation Source [Station PCr,

LaboratoÂ rio Nacional de Luz SõÂncrotron

(LNLS), Campinas, Brazil; Polikarpov, Oliva

et al., 1998; Polikarpov, Perles et al., 1998]

and a 34.5 cm MAR imaging-plate detector

(MAR Research) with an exposure time of

2 min per image. The crystal-to-detector

distance was 150 mm. Using an oscillation

range of 0.8�, 100 images were collected. The

raw X-ray diffraction data were processed

to 2.4 AÊ resolution using the program

DENZO (Otwinowski, 1993) and scaled

with the program SCALEPACK (Otwi-

nowski, 1993). Autoindexing procedures

combined with analysis of the X-ray

diffraction pattern and averaging of

equivalent intensities were used in the

characterization of the Laue symmetry.

2.3. Molecular replacement

The crystal structure of LaHb-IV was

determined by standard molecular-

replacement methods using the program

AMoRe (Navaza, 1994). The atomic co-

ordinates of eight different ®sh haemo-

globins and one human haemoglobin

deposited in the PDB (Abola et al., 1997)

were used as search models. All solvent

molecules were removed from the search

models; however, the haem groups were

retained. The search models which

presented more than one dimer were

modi®ed so that only one dimer (��) was

used in the molecular replacement. The

atomic coordinates for all search models

were translated so that their centre of

gravity is at the origin; they were also

rotated so that the principal axes of inertia

of the search models are parallel to the

orthogonal axes. The PDB codes of the

search models are listed in Table 1. Cross-

rotation functions were calcu-

lated in the resolution range 10±

4.5 AÊ using a sampling step of

2.5� for all nine search models.

These calculations were carried

out with an integration radius of

22.5 AÊ . The rotation which

generated the highest correla-

tion coef®cient (CC) was applied

to the search models and used in

the subsequent translation-

function computations, based on

data in the same resolution

range.

The best solutions for each

search model were selected

based on the magnitude of the

Rfactor and correlation coef®-

cient. Translation functions for

space groups P222, P21212 and

P2221 have also been computed

using the same resolution range

and the best search model in order to

con®rm the space group.

3. Results and discussion

Crystals of LaHb-IV suitable for X-ray

diffraction experiments have average

dimensions of about 0.3 � 0.4 � 1.0 mm.

Assuming the asymmetric unit content to be

one tetramer of molecular weight 65 kDa,

the VM value is 2.41 AÊ 3 Daÿ1 (Matthews,

1968). Assuming a value of 0.74 cm3 gÿ1 for

the protein partial speci®c volume, the

calculated solvent content in the crystal is

49% and the calculated crystal density

1.18 g cmÿ3. The intensities h00, 0k0 and 00l

were collected; however, they all have

intensities bellow 1�(I), which indicates the

presence of three screw axes. A total of

Table 1
List of the haemoglobins used as search models for
molecular replacement.

PDB code Protein

1hho Oxy haemoglobin from
Homo sapiens

1t1n Carbonmonoxy haemoglobin from
the ®sh Trematomus akajei

1ouu Carbonmonoxy haemoglobin from
the ®sh Oncorhyncus mykiss

1cg8 Carbonmonoxy haemoglobin from
the ®sh Dasyatis akajei

1hbh Deoxy haemoglobin from
the ®sh Pagothenia bernacchii

1out Deoxy haemoglobin from
the ®sh O. mykiss

1pbx Carbonmonoxy haemoglobin from
the ®sh Pagothenia bernacchii

1spg Carbonmonoxy haemoglobin from
the ®sh Leiostomus xanthurus

1cg5 Deoxy haemoglobin from
the ®sh D. akajei

Table 2
Detailed X-ray diffraction statistics for synchrotron data from a
crystal of LaHb-IV.

Resolution
range (AÊ )

No. of
independent
re¯ections I/�(I)

Rmerge²
(%)

Redun-
dancy

Complete-
ness (%)

20.00±5.87 1581 19.92 5.8 3.17 86.3
5.87±4.68 1665 20.01 6.5 3.24 95.9
4.68±4.09 1670 20.49 7.2 3.24 97.4
4.09±3.72 1652 19.34 7.8 3.25 97.8
3.72±3.46 1662 17.24 8.5 3.24 98.5
3.46±3.25 1657 15.11 9.6 3.24 98.7
3.25±3.09 1661 12.45 11.2 3.24 99.6
3.09±2.96 1666 10.59 12.5 3.23 98.7
2.96±2.84 1639 9.59 13.5 3.24 98.0
2.84±2.75 1629 8.42 15.1 3.26 98.6
2.75± 2.66 1646 6.49 17.8 3.23 99.0
2.66±2.58 1620 6.10 18.9 3.27 97.1
2.58±2.52 1642 5.33 21.3 3.22 99.8
2.52±2.46 1606 5.12 22.7 3.27 96.3
2.46±2.40 1622 4.56 24.2 3.24 99.6
All re¯ections 24618 15.17 8.8 3.24 97.3

² Rmerge = 100 � P
hkl �
P

i�jIhkl;i ÿ hIhklij��/
P

hkl;i�Ihkl�, where Ihkl,i is the

intensity of an individual measurement of the re¯ection with indices h, k and l,

and hIhkli is the mean intensity of that re¯ection.
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78 791 observations having I > 1.0�(I) were

collected of 24 618 unique re¯ections. The

X-ray diffraction statistics are summarized

in Table 2.

The correlation coef®cients after

translation-function computation using the

nine different search models range from 23.2

(22.3) to 62.7 (36.3)% and the Rfactor values

range from 39.0 (51.5) to 54.5 (53.9)%. The

values in parentheses are for the second

peaks. The search model which presented

the best correlation coef®cient and Rfactor

was for trout haemoglobin (PDB code 1ouu;

Tame et al., 1996). The highest magnitude of

the correlation function was obtained for the

Euler angles � = 97.53, � = 59.75,  = 63.02�

for the ®rst dimer (�1�1) and � = 79.25,

� = 8.31,  = 24.71� for the second dimer

(�2�2). The fractional coordinates are

Tx = 0.3072, Ty = 0.0129, Tz = 0.4158 for the

®rst dimer and Tx = 0.8661, Ty = 0.6949,

Tz = 0.7090 for the second dimer.

Translation functions for space groups

P222, P2221 and P21212 have been

computed using the coordinates of model

1ouu as a search model. The correlation

coef®cients after translation-function

computation for the three space groups

range from 32.1 to 37.9% and the Rfactor

values range from 49.7 to 51.6% and

strongly indicate that the correct space

group is P212121.

Fig. 1 presents the crystal packing for the

partially re®ned structure of the LaHb-IV.

The amino-acid sequence will be determined

by automated Edman degradation. Further

re®nement using slow-cooling protocols will

be performed using the program X-PLOR

(BruÈ nger, 1992). The re®ned model of the

LaHb-IV will be used for detailed compar-

ison with other ®sh haemoglobins.
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Figure 1
Stereo diagram of the crystal packing of haemoglobin IV from L. anisitsi.


