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Crystal Structure of Mutant HCAII H64A Complexed with Bicarbonate: 
Its Implication in Proton Shuttling Mechanism
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ABSTRACT

Carbonic anhydrases catalyze the reversible hydration reaction CO2 + H2O fl <--> HCO3- + H+2. In HCAII, 

the residue His64 is primarily responsible as the proton acceptor/donor shuttle, which is the rate limiting step 

in catalysis. The proton is shuttled through a hydrogen bonded solvent network. Crystals of HCAII H64A were 

grown using the sitting drop method by vapor diffusion and soaked in 3 M NaHCO3 at 4oC. Diffraction data 

were collected to 2.00 Å resolution on an in-house R-AXIS IV++ image system. The crystal space group 

was determined to be P21 with unit cell parameters a = 42.7, b = 41.6, c = 72.9 and _ = 104.6°. Using the 

known crystal structure of HCAII H64A as a molecular-replacement model, the bicarbonate crystal data was 

phased. The structure was then refined (rigid body, anneal, b-factor, and minimize) and water-pick method 

selected solvent in Foo-Fc electron density maps with R-factor of 0.17. Structural analysis of the active site 

residues, and binding site of the HCO3- substrate, as well as the solvent network, has implications for the 

mechanism of CA activity.

INTRODUCTION

The carbonic anhydrases (CA’s) are zinc containing enzymes that catalyze the reversible hydration reaction CO2 

+ H2O fl <--> HCO3- + H+. This process has many physiological roles including respiration, acid/base 

homeostasis, and gastric acidification (Dodgson et al., 1991).

The most intensely studied of the α-CA isozymes is CA II which is found in erythrocytes where it mediates 

respiration by converting CO2 to HCO3- and through its interaction with hemoglobin to facilitate oxygen release to 

the tissues. CA II represents a substantial amount of the protein mass of erythrocytes with 2mg/g 

hemoglobin (Lindskog, 1997). There have been at least 14 human α-CA isozymes identified (Parkkila, 2000). CA II 

is also the most efficient isozyme of the α-class with a catalytic turnover number 106s-1 (Hewett-Emmett & 

Tashian 1996).

Human Carbonic Anhydrases II (hCA) catalyses HCO3-/ CO2 reaction in a two-stage mechanism.
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HCO3- + EZn H2O fl <--> CO2 + EZnOH- + H2O (Eq. 1)

 

EZnOH- + BH+ fl <--> EZnH2O + B (Eq. 2)

The zinc bound water (in eq. 2) is regenerated through a proton transfer mechanism. BH+ represents a proton 

donor, which is an amino acid Histidine 64 (His64) within the wildtype enzyme.

This intramolecular proton transfer occurs between the zinc-bound H2O and residue His64, which accepts the H+. 

The intermolecular proton transfer procedures with the imidazolium ion of His64 transferring its H+ to the 

external buffer. Proton transfer between the zinc ion and His64 is not direct and involves the participation of 

several hydrogen-bonded water molecules (Silverman & Lindskog 2000). The crystal structure of wildtype HCA II 

at 2.0 Å showed that there are two to three water molecules spanning the 7.5 Å distance between the zinc-

bound hydroxyl and His64 (Eriksson et al., 1988).

The kinetic studies of mutant HCAII H64A have shown the reduction in proton-transfer activity (kcat) from 1 _ 106 

s-1 in wild type to 1 _ 103 s-1 in the mutant (Tu et al., 1989). Therefore, the decrease in kcat of the mutant 

enhances our chance to “see” bicarbonate binding sites. In this study, we will find the bicarbonate binding site 

in H64A mutant to elucidate the mechanism of CA activity.

MATERIALS AND METHODS

Enzyme

The mutant H64A of HCAII was prepared using bacterial expression vectors that are used for the site-

specific mutagenesis and protein synthesis (Tanhauser et. al., 1992). The prepared mutant of HCA II was purified 

by affinity chromatography (Khalifah et. al., 1977). Concentration of the enzyme was determined from 

molar absorptivity at 280 nm and 5.4 _ 104 M-1 cm-1 (Duda et. al., 2001).

Crystallization

Crystals of CAII H64A were produced in limbro plates using the sitting drop vapor diffusion method 

(McPherson, 1982). The protein concentration was 10 mg/ml in the solution of 50 mM Tris-HCl at pH 7.8 (Duda 

et. al., 2001). The drops were prepared by mixing 5 µl of protein and 5 µl of precipitant solution. The drops 

were equilibrated by vapor diffusion against 1 mL of precipitant solution which consisted of 2.4-2.65 M (NH4)2SO4 

in 50 mM Tris-HCl at pH 7.8. The crystal limbro plate was stored at 4°C for two weeks. 

Crystals of CAII H64A complexed with bicarbonate were obtained by soaking them in 3 M NaHCO3 for one week.



Data Collection and Processing

X-ray diffraction data were collected using R-Axis IV++ image plate system with Osmic mirrors and a 

Rigaku generator operating at 50 kV and 100 mA as seen in Figure 1. A 120° sweep of data was collected from 

a single crystal with a crystal-to-detector distance 150 mm and 1° oscillation angle with exposure time of 2 

min/frame. The data set was indexed using Denzo and scaled with Scalepak to generate data for phasing 

(Otwinowski et. al., 1997).

 
Figure 1. The diffraction pattern of the crystal of CAII H64A complexed with bicarbonate.

Refinement

A model of CAII H64A was refined using the software package CNS (Brünger et. al., 1998) and a model was 

built using the program O version 7 (Jones et. al., 1991). The known structure of HCAII H64A at 1.0 Å 

resolution (pdb code, 1MOO) was used as the starting phase model for the data set (Duda et. al., 2002). All 

water molecules and zinc were removed from the starting model to remove any model phase bias. After one cycle 

of rigid body, anneal, and minimize refinement, the Fo-Fc maps showed the position of zinc and bicarbonate 

ions, which were assigned to the model. This model was annealed and refined by heating to 3000 K and 

gradually cooling, followed by temperature factor refinement with CNS. The solvent molecules were found using 

the automatic water-picking program. Comparison of structure of HCAII H64A with and without bicarbonate was 

done by superimposing both structures and analyzing the solvent network in the active site in the PyMOL 

program (DeLano 2002). 

RESULTS AND DISCUSSIONS

Crystals

In the crystal limbro plate, each well had crystal growth; however, the lower precipitant condition (2.4 -2.5 M 

(NH4)2SO4) had bigger and better diffracting crystals. The dimensions of the crystals were 0.3mm _ 0.3mm _ 

0.7mm as shown in Figure 2.



 
Figure 2. Crystal of HCAII H64A with bicarbonate

 
Data Collection and Processing

A 120° sweep of data was collected from a single crystal with a crystal-to-detector distance 150 mm 

and 1°oscillation angle with exposure time of 2 min/frame. The crystal space group was P21 with 

unit cell parameters a = 42.7, b = 41.6, c = 72.9, and _ = 104.6° ; data completion was 75% with Rsym 

= 0.16 as shown in Table 1. 

[insert table 1]

Table 1 

Data Collection and Processing

Measure Data

Crystal-to-detector distance 150mm

Oscillation angles 1°

Exposure time / frame 2 min

# of images 120

Resolution range 20.0-2.00 Å

Space group P21

Mosaicity 0.5

Completeness (%) 75

Rwork / Rfree 0.27 / 0.28

Final Rwork / Rfree 0.17 / 0.23

Refinement



Prior to assignment of zinc and bicarbonate ions to the model, Rwork and Rfree were 0.27 and 

0.28, respectively. After simulated annealing in the presence of ions, the Rwork and Rfree were 0.22 

and 0.26  

respectively (refinement R-factors have been recorded in Table 1). Several rounds of 

refinement processes involved energy minimization, water pick and molecular modeling. At this 

stage 138 water molecules had been incorporated. The final refined structure had the R-factor of 0.17.

Structure and the Active Site

Human Carbonic anhydrase II has 261 residues with ten-stranded twisted _-sheet, which is flanked 

by seven _-helices. The catalytic active site is characterized by a conical cleft that is 15 Å deep. The 

zinc ion is tetrahedrally coordinated by three histidines (94, 96 and 119) and a water/

hydroxide molecule as seen in Figure 3-a (Duda et al., 2001). 

Figure 3. Drawing of the active site residues, bicarbonate and water network using the PyMOL 

program (a) The structure of HCAII H64A without the bicarbonate (b) HCAII H64A complexed 

with bicarbonate (this paper) (c) Superimposing both structures a-b. Zn is the Zinc ion in the active 

site coordinated by three histides (94, 96, 119). Wat are the waters showing the solvent network in 

the active site (Wat 82,118,22,36 and 137). Wat137 seen in (b) is absent in (a).

The distance between zinc and the waters network and between bicarbonate and the waters network 

and are recorded in Table 2 and Table 3. It is interesting to note that bicarbonate binds bivalent to 



the zinc, disrupting its normal tetrahedral configuration in the active site.

Table 2 

Active site geometry around Zinc ion 

(distances in Å)

Measure Distance

His94 (N2) 2.25

His96 (N2) 2.11

His119 (N1) 2.15

HCO3-300 (O1) 2.38

HCO3-300 (O3) 2.79

Wat82 4.10

 
 

Table 3 

Solvent Network (distances in Å)

Measure Distance

Wat82- HCO3-300 (O3) 2.90

Wat82- Wat137 3.04

Wat82- Wat118 2.99

Wat118- Wat22 2.67

Wat118- Wat36 2.94

Wat36 – Ala64 (O) 3.10

 
 

It has been proposed (Cox et al., 2000) that the zinc-bound hydroxyl ion hydrogen bonds to the 

hydroxyl side chain of Thr199 in wild type (not in Figure 3). The structure complexed with bicarbonate 

in H64A mutant shows HCO3- (O1) atom hydrogen binds with Thr199, which is 2.53 Å away. 

The bicarbonate binding supports that Thr199 serves to stabilize the transition state of reaction 

and serves to destabilize the bicarbonate ion product (Christianson & Cox 1999). In addition, HCO3- 

(O2) hydrogen bonds to the amide backbone of the Thr199, supporting the proposed function of 

amide group of Thr199 in substrate binding and in polarization of bound CO2 (Huang et al., 2002).

The maximum decrease in Kcat/Km relative to the wild type for mutants maintaining the deep water 

is about 100-fold, whereas without deep-water display, the minimum decrease is about 1000-fold 



(Huang et al. 2002). In this structure, the deep water is absent and replaced by HCO3- (O3), 

which hydrogen binds to the N atom of Thr199 instead. This O3 atom of the bicarbonate is thought to 

be (-OH) group of the bicarbonate ion. Also the Wat137 is moved in the bicarbonate structure 

compared to the CAII H64A structure without bicarbonate as seen in Figure 3. 

As in Figure 3, Wat82 hydrogen binds to Wat118, which in turn hydrogen binds to Wat 36. This 

Wat36 donates a hydrogen bond to O atom of main chain of Ala64. However, this solvent network is 

weak likely due to the inability of Ala64 to act as proton shuttle, which explains the reduced 

activity (Kcat) of HCAII H64A. 

CONCLUSION

We report here the structure of HCAII H64A complexed with bicarbonate at 2.00 Å resolution. 

The bicarbonate binding site found supports the proposed mechanism of CA as seen in Figure 4. 

 
Figure 4. Reaction mechanism of human carbonic anhydrase II. Dashed lines indicate hydrogen 

bonds. Reaction intermediates correspond to equations 1 and 2 below. Zinc ion coordinated by 

three histidine ligands is represented by a sphere with three extended lines. (A) EZnOH- (B) EZn(OH-)

CO2 (C) EZnHCO3- (D) EZnHCO3- (E) EZnH2O (F) H+EZnOH-. Figure adapted from Lindskog & 

Silverman (2000). 

The bivalent binding of bicarbonate in the structure is supported by step (D) in Figure 4; however, 

the H2O molecule is absent in the bicarbonate structure. Ala64 is unable to be a proton acceptor/

donor shuttle, which may explain the decrease in activity (kcat) seen in the H64A mutant of CAII.
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