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ABSTRACT: The crystal structure of human carbonic anhy-
drase I (HCA II) obtained at 0.9 A resolution reveals that
a water molecule, termed deep water, Dw, and bound in a
hydrophobic pocket of the active site forms a short, strong
hydrogen bond with the zinc-bound solvent molecule, a
conclusion based on the observed oxygen—oxygen distance
of 2.45 A. This water structure has similarities with
hydrated hydroxide found in crystals of certain inorganic
complexes. The energy required to displace Dw contributes
in significant part to the weak binding of CO, in the
enzyme—substrate complex, a weak binding that enhances
kea for the conversion of CO, into bicarbonate. In addi-
tion, this short, strong hydrogen bond is expected to
contribute to the low pK, of the zinc-bound water and to
promote proton transfer in catalysis.

The hydration of CO, to produce bicarbonate and a proton is
catalyzed by the carbonic anhydrases (CAs) and plays a significant
role in a number of physiological processes, including respiration,
fluid secretion, and pH control. There are 14 human gene products
classified as CAs, including HCA 1I which is widespread in tissues
and heavily concentrated in red cells. The most efficient of these
enzymes, including HCA 11, proceed near diffusion control with a
kea/ K for hydration of 105 M~ s™! (1, 2).

Our understanding of the steps in this catalysis is based in
significant part on the structure of the active site revealed by
X-ray crystallography studies. The first HCA I structures were
determined to 2.0 A resolution and identified the key features of
the enzyme mechanism (3), whereas subsequent structures ob-
tained between 2.3 and 1.1 A resolution have focused on a
detailed understanding of the geometry about the zinc, orienta-
tions of the proton shuttle residue His64, and solvation of
residues of the active site (4—6). Recent structural analysis of
HCA 1II at 0.9 A resolution reported here allows enhanced
interpretation with application to understanding the catalytic
mechanism, in particular additional understanding of the role of
solvent.
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The active site cavity of HCA 1I is conical and 15 A deep,
having one side lined with predominantly hydrophobic residues
and the other lined with hydrophilic residues. At the bottom of
the cavity is a zinc ion coordinated in a tetrahedral geometry to
three histidine residues (His94, -96, and -119) and a solvent ligand
(Figure 1). A wide body of spectroscopic and kinetic data are
consistent with a pK, near 7 describing the protolysis of the
aqueous ligand of the metal forming zinc-bound hydroxide (Z, 2).
The mechanism of catalysis comprises nucleophilic attack of the
zinc-bound hydroxide on CO,, followed by transfer of a proton
from zinc-bound water to solution to regenerate the active form
(Figure 2). A network of apparently hydrogen bonded water
molecules is observed in crystal structures extending from the
zinc-bound solvent to the inwardly oriented proton shuttle
residue His64 located ~8 A from the metal (4, 5). This structure
of ordered water molecules is likely closely related to viable
pathways of proton transfer during catalysis (7, §).

The final refined 0.9 A resolution model, 258 residues and
486 water molecules, was refined to an Ry of 12.5% and an
Rypee 0f 13.1%. A full description of the structure determination
and data collection, and refinement statistics is given in Table S1
(Supporting Information).

Of particular interest for this report is the structure of the
apparently hydrogen bonded solvent water network that includes
the zinc-bound solvent. This network emanates from the deep
water (Dw) in the hydrophobic pocket formed in part by the side
chains of Vall2l, Vall43, Trp209, and Leul98 to the water
molecules labeled W1, W2, W3a, W3b, and W4 shown in
Figures 1, 2, and 3. In crystal structures, this chain extends to
but is not in hydrogen bond contact with the proton shuttle
residue His64. The zinc-bound solvent appears to form a hydro-
gen bond with the side chain of Thr199, and the deep water
molecule (Dw) appears to participate in hydrogen bonds with the
backbone amide of Thr199 and with the zinc-bound water
molecule. The mechanism of the proton transfer utilizing path-
ways such as this has been the subject of considerable investiga-
tion (2, 7—12).

The current high-resolution structure provides a clearer view
of the solvation at the active site (Figure 1). The hydrogen bonds
in this water network have distances typical of solvent water, with
O—0 distances near 2.7-2.9 A. A more detailed picture of
distances and bond angles involving active site solvent is provided
in Figures S1 and S2 (Supporting Information). However, there is
a short hydrogen bond with an O—O distance estimated to be
2.4540.03 A between Dw and the zinc-bound solvent (Figure 3).
The crystallographic occupancy is near 100% for Dw, and both
this water molecule and the zinc-bound solvent have B factors
that are low (near 10 A%) and close in value to the B factors of the
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FIGURE 1: Stereoview of the active site of HCA II. The zinc is
represented by a gray sphere and the oxygen atoms of water
molecules as smaller red spheres. Dotted lines are presumed hydrogen
bonds. Stick figures are selected amino acids of the active site with
both the inward and outward orientations of His64 shown. The
electron density 2F, — F. Fourier map is contoured at 2.00. This
figure was created using PyMOL (28).

FIGURE 2: Catalytic mechanism: (A) the active site without bound
CO, showing the deep water, (B) the active site showing bound CO,
occupying the site of the deep water, and (C) the binding of
bicarbonate at the active site of T200H HCA II (23). Surface and
stick representation: water molecules depicted as red spheres, the
hydrophobic residues depicted as green shaded regions, and hydro-
philic residues depicted as yellow regions. This figure was created
using PyMOL (28).

surrounding amino acids. Analysis of the anisotropic thermal
motions of Dw indicates that the bulk of its movement is
perpendicular to the hydrogen bond with the zinc-bound solvent
(Table of Contents Graphic).

Under specific and well-described conditions, short hydrogen
bonds involving water with O—O distances of ~2.4 A have been
observed (/3). These are designated low-barrier hydrogen bonds
(LBHBs) reflecting the low barrier for hydrogen movement
between the heteroatoms. Such LBHBs are usually observed in
nonprotic solvents and involve closely matched values of pK,, for
the heteroatoms of the hydrogen bond (73).

The Dw is bound in a hydrophobic pocket of the active site.
Moreover, with a solution pK, near 7.0, the zinc-bound solvent in
the crystal structure is probably in large part zinc-bound hydroxide
under the conditions of crystallization (pH 7.0) (14). This structure
has similarities with the identification by crystallography of the
LBHB of the hydrated hydroxide anion HOHOH ™ formed in
the hydrophobic region between sheets of phenyl rings in tri-
methylammonium salts of tris(thiobenzohydroximato)chromate-
(IIT) (15). In this case, the O—O atom distance is 2.3 A in a
structure the authors describe as a central proton surrounded by
two OH ™ groups. This is probably a good model for the observed
LBHB in HCA 11, in which the deep water is in a hydrophobic
environment and likely involves the zinc-bound hydroxide.
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FI1GURE 3: Ordered water network in the active site of HCA II. The
zinc is represented by a gray sphere, and the oxygen atoms of water
molecules are represented as smaller red spheres. Dotted lines are
presumed hydrogen bonds with heavy atom distances given. Stick
figures are selected amino acids of the active site with both the inward
and outward orientations of His64 shown. This figure was created
using PyMOL (28).

Weak hydrogen bonds typical of water molecules in solution
have a favorable enthalpy of formation near 5 kcal/mol; however,
LBHBs can have such enthalpies near 15—25 kcal/mol (13). This
is significant with respect to the catalysis by HCA II since the
binding of CO, to its catalytically productive binding site
displaces the deep water molecule (Dw) (Figure 2) (16, 17) and
thus requires the cleavage of the LBHB contributing to the very
weak binding of CO, at this site. A dissociation constant for CO,
at its catalytic site in HCA II has been estimated to be 100 mM
measured by infrared spectroscopy (18, 19).

A tight binding of substrate at the reactive site is a disadvan-
tage for catalysis by HCA 1II; it adversely affects its physiological
function which requires it to enhance catalysis for a maximum
velocity ke of 10° s™! and near diffusion-controlled second-
order rate constants for hydration. In arguments elucidated by
Fersht (20), the tight binding of substrate (without affecting the
transition state) lowers the energy level of the substrate—enzyme
complex, thereby increasing the activation energy of k... When a
thermodynamic well or pit that accumulates tightly bound
substrate exists, the rate of catalysis is decreased. For an enzyme
that requires rapid catalysis like carbonic anhydrase, it is
advantageous for substrate binding to be weak and the active
site to remain largely unbound at physiological levels of substrate
CO,. The concentration of CO, in plasma, for example, is near 1
mM; the value of K, for hydration is 10 mM, and the estimated
dissociation constant of CO, is 100 mM. It appears that HCA II
evolved weak substrate binding by having it displace the Dw
which participates in a LBHB.

There is likely another role for the LBHB as it may contribute
to the low pK, near 7 for the zinc-bound water molecule, the
protolysis of which is enhanced using the energy of formation of
the LBHB. In this respect, the role of the LBHB is analogous with
the catalytic mechanism of liver alcohol dehydrogenase in which
removal of a proton from the Zn-coordinated alcohol is pro-
moted by formation of a LBHB with Ser4§ in the reactant
state (21). The alkoxide then undergoes hydride transfer to
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generate product. In each case, forming the LBHB provides the
energy to pump the proton to His64 in HCA II and to His51 in
horse liver alcohol dehydrogenase (27).

It is unclear whether these arguments will apply in the
dehydration direction in which the maximal catalytic rates
are slower than in hydration [maximal steady-state constants
are kea/Km=2x 10" M ™' s ™" and ko =0.6 us ™' (22)]. Crystal
structures of bicarbonate bound at the active site metal,
the presumed catalytic site, have been obtained for the
mutant of HCA II with Thr200 replaced with His (23), with
Thr199 replaced with Ala (24), and for HCA II in which
Zn(I1) is replaced with Co(II) (25). Although the orientation
of the bound bicarbonate is somewhat different in each
of these examples, in all three cases the binding of bicarbo-
nate displaces the deep water. The dissociation constant of
bicarbonate at the active site of HCA II is estimated to be
~100 mM by *C NMR measurements (26), with a similar K;
value estimated by inhibition by bicarbonate of the esterase
capacity of HCA 11 (27). The value of Ky, for dehydration is
32 mM (22), and the concentration of bicarbonate in plasma
is ~24 mM. However, the form of the enzyme that is catalytic
in the dehydration direction contains zinc-bound water. This
configuration is not comparable to a hydrated hydroxide, and
a LBHB will likely not be found in this case. Hence, at
present, we cannot make the argument that weak binding of
bicarbonate is caused in part by the displacement of the deep
water which participates in a LBHB.

This effect of the LBHB in catalysis to weaken substrate
binding in HCA 11 is different from the effect shown in examples
for which the formation of a LBHB not in the enzyme—substrate
complex but in the transition state lowers the overall free energy
of activation (13).
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SUPPORTING INFORMATION AVAILABLE

Materials and methods, a table of refinement statistics for the
structure of human carbonic anhydrase II, a figure of bond
lengths in the active site, and a figure of bond angles in the active
site. This material is available free of charge via the Internet at
http://pubs.acs.org.
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Materials and methods

Expression and Purification of HCA II. The plasmid encoding HCA II was
transformed into E.coli BL21 cells through standard procedures and the transformed cells
were expressed at 37 °C in LB medium containing 100 pg/ml ampicillin (/). HCA 1T
production was induced by the addition of isopropyl thiogalactoside to a final
concentration of 1mM at an O.Dgy of 0.6 AU. The cells were harvested 4 hrs after
induction. The cell pellets were lysed and HCA II was purified through affinity
chromatography using pAMBS resin as has been described elsewhere (2).

Crystallization and X-ray data collection of HCA II. Crystals of HCA II were
obtained using the hanging drop vapor diffusion method (3). Ten ul drops of equal
amounts of protein and precipitant were equilibrated against precipitant solution (1.3 M
sodium citrate; 50mM Tris-HCI; pH 7.0) at room temperature (~20 °C) (4). A crystal was
cryoprotected by quick immersion into 20% glycerol precipitant solution and flash-
cooled by exposing it to a gaseous stream of nitrogen at 100K. X-ray diffraction data
were collected at the Cornell High Energy Synchrotron Source (CHESS) F1 Station with
the wavelength of 0.9173 A. Quantum 270 was used and the distance was 100 mm to
allow 1 degree oscillation without spot overlapping. To cover high resolution spots, the
detector was offset (moved upwards). Indexing, integration, and scaling were performed
using HKL.2000 (35).

Structure determination of HCA II. The crystal structure of HCA II (PDB
accession code: 2ILI) (4) was used to obtain initial phases of the apo-structure using
SHELX97 (6). The zinc and all solvent molecules were removed to avoid model bias.

5% of the unique reflections were selected randomly and excluded from the refinement



data set for the purpose of Rgee calculations (7). Structural refinement proceeded using
SHELXL initially with data from 50.0 to 2.0 A resolution. The protein geometry was
defined using the default constrains of conjugate-least squares (CGLS) mode in
SHELXL. Each round of CGLS comprised of 15 cycles of refinement. 2F,—F. and F,—F,
electron density Fourier difference maps were calculated after each successive round of
CGLS and manually inspected by the graphics program COOT (8) for further fine-tuning
of the model and the incorporation of solvent molecules. After some initial rounds of
CGLS refinement, the resolution was extended to 0.9 A and subsequently after several
more cycles of refinement, the model was further subjected to several cycles of full
anisotropic refinement and hydrogen riding which led a convergence of Rerys and Ryyee t0
12.5 and 13.1, respectively. The geometry of the final model was checked using the
PROCHECK algorithm (9). The RMSD for bond lengths and bond angles were found to
be within accepted limits of 0.004 A and 1.0°, respectively. It was observed that 89 % of
the dihedral angles were in the most favored region while the rest were in the allowed
region with the exception of 0.5 % which were in the generously allowed region. The

geometry and statistics of the final model are summarized in Table S1.



Table S1. Refinement and model statistics for HCA 11

Unit cell dimensions,

a, b, c(A), () 42.2,41.3,72.2,104.2
Resolution (A) 50 -0.9 (0.92-0.9)
Number of unique 164840 (6751)
Reflections

Completeness (%) 92.3(76.1)
Redundancy 6.1 (2.8)

Rymm' 7.8 (58.0)

I/o(I) 25.0 (2.0)

Reryst” /Rirec” 12.5/13.1

Ramachandran statistics (%)
Most favored, additionally allowed and 89.0, 10.5, 0.5

generously allowed regions

Number of protein/solvent atoms 2327/487

Average B factors(/okz)
main/side chain 10.9/15.2
Zn/solvent 6.5/26.0

Values in parentheses refer to the highest resolution bin. “ Ryymm = Z II - <I>l/ X <I> x
100. bRcryst =Y IFol - IFcl/ Z 1F sl X 100. ‘Ryee is calculated in same manner as Rerysts

except that it uses 5% of the reflection data omitted from refinement.




Figure S1. Two dimensional representation of Figure 1. Bond lengths of the oxygen
atoms in their respective hydrogen bonding partners are given. Note: The figure is not to

scale. Figure created using Ligplot.
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Figure S2. Two dimensional representation of Figure 1. Bond angles of the oxygen
atoms to their respective hydrogen bonding partners are given. Note: The figure is not to

scale. Figure created using Ligplot.
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