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Carbonic anhydrases catalyze the interconversion of carbon dioxide

to bicarbonate. Human carbonic anhydrase isozyme III with a

C-terminal hexahistidine tag was overexpressed in Eschericha coli,

puri®ed and crystallized. Diffraction data (93.4% completeness) were

collected to 2.2 AÊ resolution on an in-house R-AXIS IV++ image-

plate system with Osmic mirrors and a Rigaku HU-H3R CU rotating-

anode generator operating at 50 kVand 100 mA. A 60� sweep of data

were collected from a single crystal with a crystal-to-detector distance

of 150 mm and a 0.5� oscillation angle per frame using an exposure of

60 s per frame at 293 K. The crystals were shown to conform to the

Laue hexagonal crystal system P6, with unit-cell parameters a = 44.7,

c = 222.5 AÊ and a scaling Rsym of 0.087 for 11 962 unique re¯ections.

Using the known crystal structure of the rat form of carbonic

anhydrase isozyme III, a molecular-replacement model was built.

This model was used for rotation and translation searches and

uniquely de®ned the space group as P65. Rigid-body re®nement of

the model was used to generate an initial phased electron-density

map with an Rwork of 31.17%.
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1. Introduction

Carbonic anhydrases (CAs) catalyze the

reversible hydration of CO2 to HCOÿ
3 . The

mammalian class (�-class) of CAs is comprised

of 14 known isozymes (I±XIV) with varying

tissue distributions and catalytic activity

(Parkkila, 2000). Human CAII (hCAII) is the

most ef®cient of the mammalian isozymes with

a catalytic turnover number (kcat) of 106 sÿ1

and has a wide tissue distribution compared

with human CAIII (hCAIII; Lindskog, 1997),

which is primarily found in slow-twitch red

muscle ®ber where it is the major soluble

protein (Sly & Hu, 1995). HCAIII is distin-

guished from other �-class isozymes by its

lower catalytic activity, kcat = 103 sÿ1, and its

resistance to most sulfonamide inhibitors

(Sanyal et al., 1982). The function of hCAIII is

unclear but it may play a role in facilitated

diffusion of CO2 to the tissue capillaries (Riley

et al., 1982). It has also been shown that

adipocytes have a high concentration of

hCAIII (Spicer et al., 1990), although its role is

not well understood. HCAIII is also expressed

at lower levels in other tissues, including sali-

vary glands, smooth muscle cells in the uterus,

red cells, prostate, lung, colon, kidney and

testis (Sly & Hu, 1995).

In this paper, we report the puri®cation,

crystallization and initial phasing of hCAIII

with a C-terminal histidine tag. This structure

will enable a more detailed analysis of the

catalytic activity of this isozyme and may

provide insight into its mechanism of function.

The structure of hCAII has previously

been determined by X-ray crystallography

(Eriksson et al., 1988; Hakansson et al., 1992)

and therefore a direct structural comparison

between the active sites of hCAII and hCAIII

may provide insight into understanding the

1000-fold difference in catalytic ef®ciency

between the two human isozyme forms.

2. Materials and methods

2.1. Mutagenesis

An expression vector containing the hCAIII

coding region as described by Tanhauser et al.

(1992) was used. Six histidine residues were

added at the carboxy-terminus by PCR and

additional subclone steps. In addition, the

construct contained the following replace-

ments: Cys183 and Cys188 were both replaced

by Ser. These are surface residues on the side

of the enzyme opposite the active-site cavity

and the replacements were designed to

promote crystallization. The construct was

veri®ed by DNA sequencing of the entire

coding region. The expression plasmid was

transformed into E. coli BL21(DE3)pLysS

(Studier et al., 1990) and gave a level of protein

expression of up to 10 mg lÿ1.

2.2. Purification

Cells were lysed by the freeze±thaw method

in 0.2 M Na2SO4 in 0.1 M Tris buffer pH 8.0.

Supernatant from the cell lysate was then
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syringe ®ltered with a 0.45 mM ®lter. hCAIII

was then puri®ed using a chelating column

with Ni2+ bound to the matrix of the column.

Protein was bound to the nickel column with

0.5 M NaCl in 0.02 M Tris buffer pH 7.4.

Once all unbound cytosolic protein was

eluted from the column, 0.5 M NaCl in the

presence of 1.0 M imidazole and 0.02 M Tris

buffer pH 7.4 was used at 4% imidazole

(40 mM) to elute weakly bound cytosolic

protein from the column. Once all weakly

bound protein was eluted from the column,

100% imidazole (1.0 M) was used to elute

the tightly bound hCAIII. The protein

was desalted, concentrated and buffer

exchanged into 10 mM Tris buffer pH 8.0 by

several cycles of low-speed centrifugation

using a Centricon (10 kDa molecular-weight

cutoff). The protein was further puri®ed

using an anion-exchange column. The

protein was loaded onto the column in the

presence of 10 mM Tris pH 9.0 and eluted

from the column with 10 mM Tris pH 8.0/

1 M NaCl. The elution fractions from the

anion-exchange column were then run

through another cycle of desalting, buffer

exchange and concentration prior to crys-

tallization.

2.3. Crystallization

Initial crystallization screening was

performed using the hanging-drop method

(McPherson, 1982) over a range of 25±40%

polyethylene glycol molecular weight 8000

(PEG 8000) as the precipitant in 10 mM Tris

buffer pH 8.0. Crystal drops were prepared

by mixing 5 ml of 10 mg mlÿ1 enzyme solu-

tion with 5 ml of precipitant solution. The

drops were equilibrated by vapor diffusion

against 1 ml of precipitant solution at 277 K.

Based on the results of the initial crys-

tallization screening, useful X-ray diffraction

quality crystals of hCAIII were obtained

using 6.7 mg mlÿ1 enzyme solution in 10 mM

Tris buffer pH 8.0. Crystal drops were

obtained by mixing 10 ml of enzyme with 4 ml

of precipitant solution consisting of 30%

PEG 8000. The drops were equilibrated by

vapor diffusion against 1 ml of precipitant

solution at 277 K.

2.4. Data collection

Data were collected using an R-AXIS

IV++ image-plate system with Osmic

mirrors and a Rigaku HU-H3R CU rotating-

anode generator operating at 50 kV and

100 mA. A 0.3 mm collimator was used with

a crystal-to-detector distance of 150 mm and

the 2� angle ®xed at 0�. All frames were

collected using a 0.5� oscillation angle with

an exposure time of 60 s per frame at 293 K.

The data set was indexed using DENZO and

scaled and reduced with SCALEPACK

(Otwinowski, 1992).

2.5. Rotation and translation search

A preliminary model of hCAIII for

molecular replacement was derived from the

structure of rat CAIII (rCAIII; PDB code

1¯j; Mallis et al., 2000). This was achieved by

interactively mutating the 23 (9.0%) amino

acids that differ between the two enzymes

(Hewett-Emmet & Tashian, 1996) using the

program O (Jones et al., 1991). No attempt

was made to model the C-terminal mole-

cular tag of six histidine residues. This model

of hCAIII was used as the initial search

model for the rotation- and translation-

function calculations using the software

package CNS (BruÈ nger et al., 1998).

2.6. Sequence alignment

A pairwise sequence alignment of

hCAIII, rCAIII and hCAII was performed

using CLUSTALW (Thompson et al., 1994)

(Fig. 1). Residues 5±260 were included in the

alignment. The C-terminal hexahistidine tag

in hCAIII was not considered. 23 residues

out of 255 (9.0%) were found to differ

between rCAIII and hCAIII, giving an

overall sequence identity of 91.0%. 102

residues out of 255 (40.0%) were found to

differ between hCAII and rCAIII, giving a

sequence identity of 60.0%. A similar result

was obtained for the alignment between

hCAII and hCAIII, with 104 residues

differing (40.1%), giving a sequence identity

of 59.9% (Fig. 1).

3. Results and discussion

3.1. Crystallization

The initial crystallization screens

produced small needle-like crystals (Fig. 2a)

with a signi®cant amount of precipitation

that increased over the equilibration period

of the drop. These crystals diffracted X-rays

to approximately 3.5 AÊ resolution, but the

data showed some evidence of disorder and

twinning in the crystal lattice. Scaling of this

data gave unsatisfactory Rsym values in

the range 20±25% and attempts to use

molecular-replacement methods to solve the

structure failed.

Further re®nement of the crystallization

conditions yielded suitable crystals for X-ray

diffraction studies. These crystals appeared

in 2 d of equilibration against precipitant

solution and grew to full size in one week.

Figure 1
Pairwise sequence alignment of human carbonic anhydrase III (hCAIII), rat carbonic anhydrase III (rCAIII) and
human carbonic anhydrase II (hCAII). Alignment was performed using CLUSTALW (Thompson et al., 1994).
Residues conserved in all three sequences are indicated by bold letters. Residues that are conserved between
human carbonic anhydrase III and rat carbonic anhydrase III are indicated by a star. Amino-acid numbering is
for the �-class of carbonic anhydrases.
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The crystal habit was solid hexagons with

approximate dimensions of 0.3 � 0.3 �
0.2 mm (Fig. 2b). All subsequent results

were obtained from the hexagonal crystals.

3.2. Data collection

A total of 60� of data were collected (120

images) from a single crystal; a total of

88 415 re¯ections were measured to a

maximum resolution of 2.2 AÊ . The data were

initially processed with the Laue hexagonal

crystal system P6, with unit-cell parameters

a = 44.7, c = 222.5 AÊ . The data set was

merged to a set of 11 962 independent

re¯ections (93.4% complete, 89.9% in the

outer resolution shell) resulting in an Rsym of

0.087 (0.441 in the outer resolution shell)

(Table 1). On examination of the re¯ection

®le, no data was obtained along the c axis to

allow assignment of a possible screw axis.

3.3. Rotation and translation search

From the hexagonal cell volume and the

molecular weight of hCAIII, VM (Matthews,

1968) values of 1.2 AÊ 3 Daÿ1 for three

molecules per unit cell, 2.4 AÊ 3 Daÿ1 for six

molecules per unit cell and 4.8 AÊ 3 Daÿ1 for

12 molecules per unit cell were calculated.

Comparison with VM values for other

proteins indicates the most reasonable value

is six hCAIII molecules per unit cell and

suggests the space group to be either P61,

P62, P63, P64 or P65, with one molecule per

asymmetric unit and a solvent content of

47%. From considerations of the long c axis,

the most probable packing of hCAIII is in

space group P61 or P65.

A cross-rotation function was performed

assuming the Laue group P6 and using the

search model of hCAIII to determine the

orientation of the reference molecule in the

unit cell. This resulted in a single clear

solution with �1 = 197.45, �2 = 47.20 and

�3 = 156.43� and a peak of 7.2� above the

mean.

Using the rotation-function results,

translation functions were performed

assuming all six possible translational space

groups of the Laue group P6. The space

group P65 yielded the best solution, with

translation components Tx = 14.65, Ty = 32.40

and Tz = 0.27 AÊ and a correlation coef®cient

of 0.731. The other space groups

gave solutions with signi®cantly

lower correlation coef®cients

(Table 2).

The structure-factor ®le

obtained from SCALEPACK

was converted to CNS format

and 5% of the data were

randomly selected for Rfree

calculations. Using the obtained

rotation and translation matrix,

the hCAIII model was placed

into the hexagonal P65 space

group and rigid-body re®nement

was then used to generate an initial phasing

data set with an Rwork of 31.17%.

It is expected that the structure of hCAIII

will be obtained relatively quickly and

re®ned. This will allow direct structure±

function comparison between the active

sites of hCAII and hCAIII and may provide

insight into the 1000-fold difference in

catalytic ef®ciency between the two human

isozyme forms. Speci®cally, this structure

will allow a more detailed comparison of key

active-site residues between the two

isozymes.

3.4. Pairwise sequence alignment

The results of the sequence alignment

were as expected. HCAIII and rCAIII

showed the greatest sequence identity

(91.0%); hCAII aligned with rCAIII and

hCAIII showed less amino-acid conserva-

tion with 60 and 59.9% identity, respectively.

It is expected that residues in the active site

would have the most effect on the catalytic

properties of these enzymes. The major

amino-acid differences between the active

sites of hCAII, hCAIII and rCAIII occur at

positions 64, 67 and 198. In hCAII position

64 is occupied by a histidine residue found to

be important for its ability to shuttle protons

out of the active site (Eriksson et al., 1988).

The corresponding residue in hCAIII and

rCAIII is lysine. Position 67 is occupied by

an asparagine residue in hCAII. The cor-

responding residue in hCAIII and rCAIII at

position 67 is an arginine. Finally, position

198 in hCAII is occupied by a leucine; the

corresponding residue in human and rat

CAIII is a phenylalanine. Previous work by

LoGrasso et al. (1991) showed that replacing

Lys64, Arg67 and Phe198 in hCAIII with

His, Asn and Leu, respectively, enhanced the

catalysis of CO2 hydration by as much as 50-

fold. Structural comparison of these residues

between hCAII and rat and human CAIII

may provide insight into the 1000-fold

reduced catalytic activity of isozyme III with

respect to isozyme II.

Table 1
Statistics of data collection.

Resolution
shells (AÊ )

No. unique
re¯ections

Complete-
ness (%) Rsym²

20.00±4.72 1241 94.0 0.044
4.72±3.76 1246 98.0 0.060
3.76±3.28 1239 96.1 0.072
3.28±2.98 1210 96.8 0.096
2.98±2.77 1208 94.2 0.128
2.77±2.61 1191 92.3 0.170
2.61±2.48 1150 91.2 0.220
2.48±2.37 1155 91.4 0.292
2.37±2.28 1168 90.2 0.364
2.28±2.20 1154 89.9 0.441
Total 11962 93.4 0.087

² Rsym is de®ned as
P j�I ÿ hIi�j/P I, where I is the intensity

of an individual re¯ection and hIi is the average intensity for

this re¯ection; the summation is over all intensities.

Table 2
Translation-function searches.

Space
group

�1

(�)
�2

(�)
�2

(�)
Tx

(AÊ )
Ty

(AÊ )
Tz

(AÊ ) CC²

P6 196.25 48.69 157.11 21.49 15.53 1.31 0.264
P61 197.25 48.15 156.00 14.46 32.04 0.50 0.334
P62 197.39 48.00 156.79 ÿ7.56 19.71 0.39 0.397
P63 197.77 48.70 156.18 14.62 32.34 1.56 0.351
P64 197.22 47.69 157.25 2.38 28.57 0.13 0.262
P65 196.80 47.74 156.89 14.65 32.40 0.27 0.731

² CC(r, 
) = [h|Eobs|
2|Em(r, 
)|2i ÿ h|Eobs|

2i ÿ h|Eobs|
2ih|Em(r, 
)|2i]

� {(h|Eobs|
4i ÿ h|Eobs|

2i2)[h|Em (r, 
)|4i ÿ h|Em(r, 
)|2i2]}ÿ1/2. Eobs denotes

the normalized observed structure factors and Em(r, 
) denotes the

normalized structure factors of the search model oriented according to 
.

Figure 2
Crystals of hCAIII. (a) Thin needle-like crystals from
the initial crystallization screen. The precipitant for
the initial screen was 25±40% polyethylene glycol
molecular weight 8000 (PEG 8000) in 10 mM Tris pH
8.0. 5 ml of protein was mixed with 5 ml of precipitant
to form the crystallization drop. (b) Hexagonal
crystals from re®ned crystallization conditions. The
re®ned precipitant was 30% PEG 8000 in 10 mM Tris
pH 8.0. 10 ml of protein solution was mixed with 4 ml
of precipitant to obtain the crystallization drop. The
images were taken with a Zeiss Axioplan 2 micro-
scope under polarized light.
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