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In this work, initial crystallographic studies of human haemoglobin

(Hb) crystallized in isoionic and oxygen-free PEG solution are

presented. Under these conditions, functional measurements of the

O2-linked binding of water molecules and release of protons have

evidenced that Hb assumes an unforeseen new allosteric conforma-

tion. The determination of the high-resolution structure of the crystal

of human deoxy-Hb fully stripped of anions may provide a structural

explanation for the role of anions in the allosteric properties of Hb

and, particularly, for the in¯uence of chloride on the Bohr effect, the

mechanism by which Hb oxygen af®nity is regulated by pH. X-ray

diffraction data were collected to 1.87 AÊ resolution using a

synchrotron-radiation source. Crystals belong to the space group

P21212 and preliminary analysis revealed the presence of one

tetramer in the asymmetric unit. The structure is currently being

re®ned using maximum-likelihood protocols.
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1. Introduction

Haemoglobin binds oxygen cooperatively, with

an overall af®nity modulated by heterotropic

ligands, such as H+, Clÿ, DPG (Baldwin, 1976)

and water molecules (Colombo et al., 1992,

1994). This complex network of cross-interac-

tions, where the binding at one site alters the

af®nity of other ligands at distinct sites, guar-

antee ef®cient loading of O2 at the lungs and

delivery to the tissues. Crystallographic studies,

pioneered by Perutz, demonstrated in the early

1970s that the fully oxygenated and the fully

deoxygenated states of Hb assume two

different quaternary structures, R and T,

respectively (Perutz, 1970; Perutz et al., l987).

Based on these two sets of coordinates, the

classic two-state allosteric model of Monod et

al. (1965) was put on a stereochemical basis.

Thus, the major features of energy transduc-

tion among haem sites, bringing about co-

operative binding, was explained in terms of an

equilibrium between two alternative

quaternary structures, the low-af®nity T,

constrained by salt bridges, and the high-af®-

nity R; in the concerted transition between T

and R, where it is not possible to explain the

unequal O2-linked release of Clÿ and of H+

with oxygenation, the conjecture of sequential

rupture of the salt bridges within the T struc-

ture with the earlier steps of O2 binding was

put forward (Perutz, 1970; Perutz et al., l987).

Crystallographic studies of hybrids and

partially ligated Hb in the T state, however,

have not yet been able to con®rm this conjec-

ture (Paoli et al., 1996).

One current structural explanation for the

in¯uence of chloride on the proton release

linked with Hb oxygenation, the alkaline Bohr

effect, is strictly coupled with the above

conjecture. It has been formulated on the basis

of the structure of the crystals of oxy- and

deoxy-Hb grown at intermediate to high salt

content and suggests that a few special Bohr

groups, among which are those involved in salt

bridges, are responsible for the change in O2

af®nity with pH (Perutz et.al., 1998). In

contrast to this interpretation, NMR

measurements of the pKs of several surface

histidyl groups on Hb molecules carried out in

the absence and in the presence of anions have

suggested that other residues than these few

special residues contribute to the Bohr effect

(Bush & Ho, 1990: Sun et.al., 1997). It was

observed that chloride changes the pK of

several surface histidyl groups, suggesting

global conformational changes in the Hb

molecule upon anion binding. While NMR

measurements have been carried out in the

absence of anions, neither the crystallographic

structure of oxy- nor of deoxy-Hb fully

stripped of anions has been solved. This gap in

information appears to contribute to the

persistence of the controversy on the structural

interpretation of the role of anions in the

allosteric properties of Hb.

The present work is part of our efforts to

better characterize the in¯uence of anions on

Hb structure and function. We have previously

measured the O2-linked binding of water

molecules to Hb in solution via the depen-

dence of log(p50) on log(aw), where p50 is the
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O2 pressure at half saturation and aw is the

activity of water, using the osmotic stress

method (Colombo et al., 1992, 1994;

Colombo & Bonilla-Rodrigues, 1996). These

studies demonstrated that about 70 water

molecules bind to Hb upon the conforma-

tion change from the fully deoxygenated to

the fully oxygenated Hb in a 100 mM NaCl

solution. This hydration change, �nw, was

found to agree with the change in accessible

surface area computed by Chothia et al.

(1976) arising from the re-orientation of the

�1�1/�2�2 dimers, which buries more inter-

face area in the T state, and owing to the

exposure of the T-state's salt bridges which

are ruptured in the R state. Recent studies

from our laboratory have demonstrated an

unanticipated dependence of �nw on

chloride and DPG concentration; in salt-free

HEPES buffer only �25 H2O are linked

with oxygen saturation of Hb, while with the

gradual increase in anion concentration �nw

smoothly increases from 25 to 70 H2O within

an anion-concentration range which corre-

sponds to that where Clÿ (or DPG) binds

speci®cally to the deoxy-Hb (Seixas, l998).

These results were interpreted suggesting

that in salt- and oxygen-free solutions Hb is

fully stabilized in a new allosteric confor-

mational state. Further experiments have

also shown that the in¯uence of Clÿ on the

Bohr effect is parallel to that on the water

effect (Castro et al., l998). These ®ndings

appear to be in accord with the previously

mentioned NMR results (Bush & Ho, 1990)

and give further evidence that the confor-

mation of the deoxy-Hb in solution depends

on anion binding. The determination of the

high-resolution structure of the salt-free

crystal of deoxy-Hb may reveal the struc-

tural changes the deoxy-T Hb structure

undergoes upon chloride release in solution

and how these changes are coupled with (i)

the larger hydration of the T-state, (ii) the

change in the Bohr effect with anions and

(iii) the change in the intrinsic O2 af®nity of

the T state with anion release.

2. Materials and methods

2.1. Haemoglobin puri®cation

Haemoglobin A0 was puri®ed from the

blood of a healthy non-smoking adult as

described by Colombo & Bonilla-Rodrigues

(1996). After puri®cation, haemoglobin

solution was deionized in a ion-exchange

mixed-bed column of Amberlite MB-1

(Sigma) and its purity was checked by non-

denaturing PAGE.

2.2. Crystallization

Crystals of isoionic fully deoxygenated

haemoglobin have been obtained using the

method of crystallization in batches. The

crystallization process occurred in a de-

oxygenated environment. The best crystals

were obtained after one week of growth in a

deionized solution of 12% polyethylene

glycol 3350 (Sigma) pH 7.02 using a solution

of approximately 10 mg mlÿ1 protein in an

N2 atmosphere. The crystal was mounted in

borosilicate glass capillary tubes for X-ray

data collection.

2.3. X-ray data collection and processing

X-ray diffraction data were ®rstly

collected from a single haemoglobin crystal

(crystal I) at room temperature (300 K)

using an R-AXIS IV imaging-plate system

and graphite-monochromated Cu K� X-ray

radiation generated by a Rigaku RU300

rotating-anode generator operated at 50 kV

and 100 mA at a crystal-to-detector distance

of 150 mm. 40 frames were collected using a

oscillation range of 2.5�. The exposure time

per frame was 20 min. The X-ray diffraction

data were processed to 2.8 AÊ resolution and

scaled using the program PROCESS

(Higashi, 1990). A second X-ray diffraction

data set (crystal II) was collected at a

wavelength of 1.38 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

30 cm MAR Research imaging-plate

detector at a crystal-to-detector distance of

160 mm at a temperature of 299 K. Using an

oscillation range of 1.0�, 95 images were

collected and the raw X-ray diffraction data

were processed to 1.87 AÊ resolution using

the program DENZO and scaled by the

program SCALEPACK (Otwinowski,

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.

Two weeks after X-ray data collection, the

crystal was dissolved in an oxygenated

HEPES buffer solution and showed the

presence of only 2.3% of methaemoglobin.

2.4. Partial re®nement

It was not necessary to use the molecular-

replacement technique to solve the haemo-

globin structure, as it crystallized in the same

space group as low-salt haemoglobin with

only very small differences in the unit-cell

parameters, less than 1.0 AÊ . The low-salt

haemoglobin atomic coordinates (PDB code

1hbb; Kavanaugh et al., 1992), without water

molecules and haem groups, were used for

rigid-body re®nement against the haemo-

globin synchrotron data using the program

REFMAC (Murshudov et al., 1997). Each

monomer was used as a single rigid body.

The R factor after 40 cycles of re®nement

decreased to 24.5% with data in the resolu-

tion range 10±1.87 AÊ . Further re®nement in

REFMAC (Murshudov et al., 1997)

continued with 50 cycles of the maximum-

likelihood method, which reduced the R

factor to 23.0%.

3. Results and discussion

Fig. 1 shows a photomicrograph of a crystal

of deoxy-Hb, fully free of anions and

suitable for X-ray diffraction experiments.

The crystals, with average dimensions of

about 2.5 � 1.0 � 1.0 mm, show a prismatic

morphology. Ward et al. (1975) have

previously reported the crystallization of

human deoxyhaemoglobin from a solution

of 100 mg mlÿ1 haemoglobin, 17% PEG

6000, 10 mM phosphate buffer pH 7.1.

Under these conditions, they determined the

space group to be P21212, with unit-cell

dimensions a = 97.1, b = 99.4, c = 66.0 AÊ . In

addition, Kavanaugh et al. (1992) crystal-

lized human deoxyhaemoglobin from a

solution of 10 mg mlÿ1 haemoglobin,

1±10.5% PEG 6000, 100 mM potassium

chloride, 10 mM potassium phosphate (pH

7.0), 4 mM sodim dithionite and determined

the same space group with unit-cell dimen-

sions a = 97.1, b = 99.3, c = 65.8 AÊ . The

crystal of deoxyhaemoglobin stripped of

anions also has the orthorhombic space

group P21212, with unit-cell dimensions

a = 97.1, b = 99.4, c = 66.0 AÊ for crystal II

(LNLS); the unit-cell volume is 639438.2 AÊ 3,

compatible with one tetramer in the asym-

metric unit with a Vm value of 2.48 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 50.4% and the calculated crystal
Figure 1
Crystal of deionized human haemoglobin.
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density is 1.18 g cmÿ3. The X-ray diffraction

statistics for the two data sets are summar-

ized in Table 1. Detailed data-collection

statistics for the synchrotron data are given

in Table 2.

Crystal I (R-AXIS IV) and crystal II

(LNLS) presented a difference of 0.8 AÊ in

the b dimension. Differences in unit-cell

parameters have been observed previously

in some isomorphous crystals. Unit-cell

parameters with a difference of greater than

1.2% have been reported for isomorphous

crystals of cyclin-dependent

kinases (Kim et al., 1996; de

Azevedo et al., 1996; de

Azevedo et al., 1997). The

reasons for such differences

can be a consequence of

different indexing algo-

rithms or of X-ray diffrac-

tion data being collected

under different experi-

mental conditions, such as

temperature and X-ray

source. Furthermore, for the

crystals I (R-AXIS IV) and

II (LNLS) of deoxy-

haemoglobin stripped of

anions with an observed difference of 0.85%

in the b dimension, each unit-cell parameter

has an error of 0.3 AÊ for crystal I and of

0.1 AÊ for crystal II. In addition, crystal II

(LNLS) was selected from a different crys-

tallization batch to crystal I (R-AXIS IV).

The above differences combined may be the

reason for the difference of 0.85% in the b

dimension observed for the two isomor-

phous crystals of deoxyhaemoglobin

stripped of anions.

Difference maps will be used for locali-

zation of the haem groups. The water-

molecule search protocol implemented in

the program XtalView (McRee, 1992) will be

used for localization of the water molecules.

Further re®nement in the complete atomic

model using maximum-likelihood protocols

will be performed using the program

REFMAC (Murshudov et al., 1997).

This work was partially supported by

FAPESP, CNPq and CAPES.

References

Azevedo, W. F. de Jr, Leclerc, S., Meijer, L.,
Havlicek, L., Strnad, M. & Kim, S.-H. (1997).
Eur. J. Biochem. 243, 518±526.

Azevedo, W. F. de Jr, Mueller-Dieckmann, H.-J.,
Schulze-Gahmen, U., Worland, P. J., Sausville,
E. & Kim, S.-H. (1996). Proc. Natl Acad. Sci.
USA, 93, 2735±2740.

Baldwin, J. M. (1976). Br. Med. Bull. 32, 213±218.
Bush, M. R. & Ho, C. (1990). Biophys. Chem. 37,

313±322.
Chothia, C., Wodak, S. & Janin, J. (1976). Proc.

Natl Acad. Sci. USA, 73, 3793±3797.
Colombo, M. F. & Bonilla-Rodrigues, G. O.

(1996). J. Biol. Chem. 271, 4895±4899.
Colombo, M. F., Rau, D. C. & Parsegian, V. A.

(1992). Science, 256, 655±659.
Colombo, M. F., Rau, D. C. & Parsegian, V. A.

(1994). Proc. Natl Acad. Sci. USA, 91,
10517±10520.

Castro, O. A., Seixas, F. A. V. & Colombo, M. F.
(1998). Biophys. J. 74(2), A80.

Higashi, T. J. (1990). J. Appl. Cryst. 23, 253±257.
Kavanaugh, J. S., Rogers, P. H., Case, D. A. &

Arnone, A. (1992). Biochemistry, 31,
4111±4121.

Kim, S.-H., Schulze-Gahmen, U., Brandsen, J. &
de Azevedo, W. F. Jr (1996). Progress in Cell
Cycle Research, edited by L. Meijer, S. Guidet
& L. Vogel, Vol. 2, pp. 137±145. New York:
Plenum.

McRee, D. E. (1992). J. Mol. Graph. 10, 44±46.
Matthews, B. W. (1968). J. Mol. Biol. 33, 491±497.
Monod, J., Wyman, J. P. & Changeaux, J. (1965). J.

Mol. Biol. 12, 88±118.
Murshudov, G. N., Vagin, A. A. & Dodson, E. J.

(1997). Acta Cryst. D53, 240±255.
Otwinowski, Z. (1993). Proceedings of the CCP4

Study Weekend. Data Collection and Proces-
sing, edited by L. Sawyer, N. Isaacs & S. Bailey,
pp. 56±62. Warrington: Daresbury Laboratory.

Paoli, M., Liddington, R., Tame, J., Wilkinson, A.
& Dodson, G. (1996). J. Mol. Biol. 256,
775±792.

Perutz, M. F. (1970). Nature (London), 228,
726±739.

Perutz, M. F., Fermi, G., Luisi, B., Shaanan, B. &
Liddington, R. C. (1987). Proc. Chem. Res. 20,
309±321.

Perutz, M. F., Wilkinson, A. J., Paoli, M. &
Dodson, G. G. (1998). Annu. Rev. Biophys.
Biomol. Struct. 27, 1±34.

Polikarpov, I., Oliva, G., Castellano, E. E., Garratt,
R., Arruda, P., Leite, A. & Craievich, A. (1998).
Nucl. Instrum. Methods A, 405, 159±164.

Polikarpov, I., Perles, L. A., de Oliveira, R. T.,
Oliva, G., Castellano, E. E., Garratt, R. &
Craievich, A. (1998). J. Synchrotron Rad. 5,
72±76.

Seixas, F. A. V. (1998). Master thesis, Universidade
Estadual Paulista `Julio Mesquita Filho', SaÄo
JoseÂ do Rio Preto, Brazil.

Sun, D. P, Zou, M., Ho, N. T. & Ho, C. (1997).
Biochemistry, 36, 6663±6673.

Ward, K., Wishner, B., Lattman, E. & Love, N.
(1975). J. Mol. Biol. 98, 161±177.

Table 1
Summary of X-ray diffraction data-collection statistics of the two
crystals of deionized and deoxygenated human Hb.

Source R-AXIS IV LNLS
Unit-cell dimensions (AÊ ) a = 97.3 (3),

b = 100.2 (3),
c = 66.3 (3)

a = 97.3 (1),
b = 99.4 (1),
c = 66.1 (1)

No. of unique re¯ections
[I/�(I) > 2.0]

14776 51413

Maximum resolution (AÊ ) 2.8 1.87
Completeness of data

to maximum resolution (%)
92.7 1.87

Rsym² (%) 6.17 6.20

² Rsym = 100
P jI�h� ÿ hI�h�ijP I�h�, where I(h) is the observed intensity and

hI(h)i is the mean intensity of re¯ection h over all measurements of I(h).

Table 2
Detailed X-ray diffraction statistics for synchrotron
data of deionized deoxygenated human Hb crystal.

Resolution
range (AÊ )

Number of
independent
re¯ections

Complete-
ness (%)

Rsym in
range (%)

999.00±4.61 3690 95.9 5.8
4.61±3.66 3602 98.4 5.9
3.66±3.20 3543 97.8 7.2
3.20±2.91 3500 97.3 7.3
2.91±2.70 3467 96.8 8.2
2.70±2.54 3470 96.7 9.2
2.54±2.41 3422 95.9 9.5
2.41±2.31 3392 95.7 10.8
2.31±2.22 3394 95.4 12.1
2.22±2.14 3362 95.0 14.6
2.14±2.07 3343 94.5 15.9
2.07±2.01 3332 93.7 19.0
2.01±1.96 3325 94.1 23.2
1.96±1.91 3328 93.5 29.3
1.91±1.87 3240 92.6 34.8
All re¯ections 51413 95.6 6.2
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