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ABSTRACT: Human carbonic anhydrase II (HCA II) is a monomeric zinc-containing metalloenzyme that
catalyzes the hydration of CO2 to form bicarbonate and a proton. The properties of the zinc have been
extensively elucidated in catalysis but less well studied as a contributor to structure and stability. Apo-HCA II
(without zinc) was prepared and compared to holo-HCA II: in crystallographic structural features, in
backbone amide H/D exchange, and in thermal stability. The removal of zinc from the active site has no effect
on either the topological fold of the enzyme or the ordered water network in the active site. However, the
removal of the zinc alters the collective electrostatics of the apo-HCA II that result in the following differences
from that of the holoenzyme: (1) the main thermal unfolding transition of the apo-HCA II is lowered by 8 �C,
(2) the relative increase in thermal mobility of atoms of the apo-HCA II was not observed in the vicinity of the
active site but manifested on the surface of the enzyme, and (3) the side chain of His 64, the proton shuttle
residue that sits on the rim of the active site, is oriented outward and is associated with additional ordered
“external” waters, as opposed to a near equal inward and outward orientation in the holo-HCA II.

Carbonic anhydrases (CAs)1 are ubiquitous enzymes found in
all phyla of life and are intricately involved inmany physiological
processes. They catalyze the reversible hydration/dehydration of
carbon dioxide/bicarbonate (1). Of all the CA isoforms, the zinc
metalloenzyme human carbonic anhydrase II (HCA II) is the
most studied and probably the best understood. The reversible
hydration of carbon dioxide to bicarbonate and a proton is best
described as a ping-pong mechanism that is composed of two
discrete steps (2, 3). The first step of hydration involves the
formation of the zinc-bicarbonate complex through a nucleo-
philic attack on the substrate CO2 by the zinc-bound hydroxide
(eq 1). The bicarbonate is then exchanged for a water molecule
forming the zinc-boundwater (eq 1). The subsequent second step
involves the regeneration of the zinc-bound hydroxide through
the transfer of a proton from the zinc-bound water to the
bulk solvent (eq 2). The intramolecular proton transfer is widely
speculated to occur between the zinc-bound solvent and the
side chain ofHis 64, that sits on the rim of the active site, through
a network of ordered active site waters to an “in” conformer
of His 64 (pointing toward the active site) which then rotates
to an “out” conformer (pointing toward the bulk solvent)
(Figures 1 and 2) (3-6).
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The HCA II structure can best be described as a single domain
mixed R/β globular protein. The central structural motif is a
twisted β-sheet of eight strands (βA-H), which is flanked by
seven R-helices (RA-G). The catalytic active site is characterized
by a conical cleft that is approximately 15 Å deep with the zinc
residing in the interior. The zinc is tetrahedrally coordinated by
three histdine ligands (His 94, His 96, and His 119) and a bound
water/hydroxyl. The zinc-ligand distances are all ∼2.1 Å in-
cluding the zinc-bound solvent molecule (6, 7).

It has been previously proposed by Cox et al. that there is a
hierarchy of zinc ligands in the active site (that function as distinct
shells of residues to stabilize the zinc ion) (8). The first shell, or
direct zinc ligands, is the three histidine residues His 94, His 96,
and His 119 and a solvent molecule. The second shell, or indirect
ligands, stabilizes the direct ligands and helps to position them for
zinc ion coordination. Residue Gln 92 stabilizes His 94, Glu 117
stabilizes His 119, and the backbone carbonyl oxygen of Asp 244
stabilizes His 96, while residue Thr 199 hydrogen bonds with the
zinc-bound solvent. Finally, a third shell of stabilization was
proposed of a cluster of aromatic residues (Phe 93, Phe 95, and
Trp 97) that anchor the β-strand βF that contains His 94 and
His 96 (Figure 1) (8).

The properties of the zinc in regard to catalysis are well studied
given its importance in the catalytic mechanism. However, its
influence on the structural stability of the enzyme has not been
thoroughly explored. The active site of apo-HCA II has high
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affinity for zinc with a value of pKD near 12 (9). Although tightly
bound, the zinc is readily removed from HCA II by treatment
with chelators and can be replaced by a number of other
metals (10, 11). Håkansson et al. have previously reported the
structure of apo-HCA II to 1.8 Å resolution for crystals prepared
at pH 7.0 (12). They noted no significant differences in structure
compared with holo-HCA II. In fact, many of the ordered water
molecules of the active site cavity were observed in the apo-HCA
II as well, although the water molecule corresponding to the
location of the zinc-bound solvent was shifted∼0.8 Å toward the
unoccupied zinc site.

Since HCA II is monomeric, it serves as a good model for a
structural stability study on the loss of metal from the active site, as
the stability of the enzyme is not complicated bymultimeric subunit
interactions as observed in other protein structures. Furthermore,
the apo- and holo-HCA II crystallize under similar conditions and
were isomorphous in their unit cells. Hence this study revisits the
study of apo-HCA II and examines the effects of the removal of
active site zinc on the structure and stability of the enzyme.

This work has extended examination of the structure of apo-
HCA II to 1.26 Å resolution, to that previously reported by
Håkansson et al. (12), providing better defined placement of the
ordered water molecules and allowing a detailed structural
correlation to the recently determined 1.1 Å resolution holo-
HCA II (6). Of note was the conformation of the side chain ofHis
64 that differs in the apo- compared to holo-HCA II. In the holo-
HCA II, His 64 appears about equally distributed in an inward
and outward orientation (6), whereas in the apo-HCA II it is
predominantly in the outward orientation. Also, the relative
mobility of the apo- compared with the holo-HCA II was made
through the comparison of X-ray crystallography B factors and
backbone amide H/D exchange measured by mass spectrometry.

Interestingly, the increase in the thermal motion of the apo-HCA
II, as indicated by crystallographic B factors and H/D exchange,
was not observed in the immediate vicinity of the zinc binding site
but rather on the surface of the enzyme. The net effect of this
observed difference in thermal motion was experimentally mea-
sured in solution using calorimetry, and the melting temperature
(Tm) of the apo-HCA II was shown to be 8 �C lower than holo-
HCA II. Circular dichroism data also confirmed this value and
demonstrated the initial melting event to be associated with the
unfolding of the β-sheet structure followed by R-helix secondary
structural elements. These data, taken as a whole, provide useful
information of the contribution of the zinc to the stability of
carbonic anhydrase and build on our general knowledge of
metalloenzyme stability.

MATERIALS AND METHODS

Expression and Purification of Holo-HCA II. The plas-
mid encoding HCA II was transformed into Escherichia coli
BL21 cells through standard procedures, and the transformed
cells were expressed at 37 �C in LB medium containing 100 μg/
mL ampicillin (13). Holo-HCA II production was induced by the
addition of isopropyl thiogalactoside to a final concentration of
1mMat anOD600 of 0.6AU. The cells were harvested after 4 h of
postinduction. The cell pellets were lysed, and holo-HCA II was
purified through affinity chromatography using pAMBS resin as
has been described elsewhere (14).
Preparation of Apo-HCA II.The zinc was chelated through

the incubation of the holo-HCA II at 20 �C in the chelation
buffer (100 mM pyridine-2,6-dicarboxylic acid, 25 mM MOPS,
pH7.0) for 8 h. The enzymewas buffer exchanged against 50mM
Tris, pH 7.8, to remove the chelating agent (11). The loss of
enzyme activity was verified through kinetic studies as has been
described elsewhere (15). The enzyme activity was revived
through the addition of 1 mM ZnCl2, attributing the loss of
activity to the absence of zinc rather than to the denaturation of
the enzyme.
Crystallization and X-ray Data Collection of Apo-HCA

II.Crystals of apo-HCA IIwere obtained using the hanging drop
vapor diffusion method (16). Ten microliter drops of equal
amounts of protein and precipitant were equilibrated against
precipitant solution (1.3 M sodium citrate, 100 mM Tris-HCl,
pH 9.0) at room temperature (∼20 �C) (6). 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 100 K. X-ray diffraction data were collected at the
Cornell High Energy Synchrotron Source (CHESS) beamline
A1 (λ=0.9772 Å), using the oscillation method with intervals of
1� steps on an ADSCQuantum 210 CCD detector, with a crystal
to detector distance of 65 mm. Indexing, integration, and scaling
were performed using HKL2000 (17).
Structure Determination of Apo-HCA II. The crystal

structure of holo-HCA II (PDB accession code 2CBA) (12)
was used to obtain initial phases of the apo structure using
SHELXL (18). The zinc and all solvent molecules were removed
to avoid model bias. Five percent of the unique reflections were
selected randomly and excluded from the refinement data set
for the purpose of Rfree calculations (19). Structural refinement
proceeded using SHELXL initially with data from 20.0 to 2.0 Å
resolution. The protein geometry was defined using the default
constraints of conjugate-least-squares (CGLS) mode in
SHELXL. Each round of CGLS was comprised of 15 cycles

FIGURE 1: Overall structure of holo-HCA II. Cartoon depiction of
the secondary structural elements are as shown. Structure used was
PDB ID 2ILI (2). The zinc atom is represented as a gray sphere;
histidine residues His 94, His 96, His 119, and the dual conformation
of His 64 are represented in stick model representation (carbon,
yellow; oxygen, red; nitrogen, blue). Figure was made using PyMOL
(DeLano Scientific).
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of refinement. 2Fo - Fc and Fo - Fc electron density Fourier
difference maps were calculated after each successive round of
CGLSandmanually inspected by the graphics programCoot (20)
for further fine-tuning of the model and the incorporation of
solventmolecules.After some initial rounds ofCGLS refinement,
the resolution was extended to 1.26 Å, and subsequently after
several more cycles of refinement and solvent addition the Rwork

and Rfree converged to 18.0 and 21.5, respectively.
Based on the electron density maps, seven amino acids (Asp

34, His 36, Lys 39, Lys 112, Glu 117, Ser 217, and Glu 238) were
built with dual conformations. These dual occupancy side chains
were incorporated into the model by splitting at the CR position.
In the holo-HCA II structure these residues were Ile 22, Asp 34,
His 64, Asp 175, Glu 187, Ser 217, and Ser 220 (6). It was noted
only residues Asp 34 and Ser 217 exhibited dual conformers in
both apo- and holo-HCA II. The rationale for these differences in
residues could not be explained structurally.

The apo-HCA II model was further subjected to several cycles
of full anisotropic refinement and hydrogen riding which led a

convergence ofRcryst andRfree to 14.0 and 18.7, respectively. The
geometry of the final model was checked using the PROCHECK
algorithm (21). The rmsd for bond lengths and bond angles were
found to be within accepted limits of 0.004 Å and 1.4�, respec-
tively. It was observed that 88%of the dihedral angles were in the
most favored regionwhile the rest were in the allowed regionwith
the exception of 0.5% which were in the generously allowed
region. The average B factors for the main- and side-chain atoms
were determined to be 18.6 and 23.1 Å2, respectively. The refined
model included 250 water molecules with an average solvent
isotropic B factor of 30.2 Å2. The geometry and statistics of the
final model are summarized in Table 1 and Supporting Informa-
tion Table S1.
Hydrogen/Deuterium Exchange (HDX) Analysis. Solu-

tion phase amideHDXwas performed on apo- and holo-HCA II
using a fully automated system that is described else-
where (22, 23). Briefly, 4 mL of a 15 mM protein solution
containing either apo- or holo-HCA II (25 mM Tris-HCl,
pH 7.9, 150 mM KCl, 2 mM DTT) was diluted up to 20 mL

FIGURE 2: Active site of holo- and apo-HCA II. Stereoviewof the active site of (A) holo- (PDB ID2ILI (2)) and (B) apo-HCA II (this study). The
amino acids are as labeled and represented in stick form (carbon, yellow; oxygen, red; nitrogen, blue). The electron density for both the holo- and
apo-HCA II is represented by a bluemesh 1.5σ-weighted 2Fo- Fc Fouriermap. The “common”waters are colored red, and the additional waters
in the apo-HCA II (W4, W5, and W6) are colored green. Figures were made using PyMOL (DeLano Scientific).
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with D2O dilution buffer (25 mM Tris-HCl, pH 7.9, 150 mM
KCl, 2 mM DTT) and incubated at 4 �C for the following
periods of time: 1, 30, 60, 900, 3600, and 260000 s. Follow-
ing deuterium on-exchange, unwanted forward and back
exchange was minimized, and the protein was denatured
by dilution to 50 mL with 1% TFA in 3 M urea (held at 1 �C).
The protein sample was then passed across an immobilized
pepsin column (prepared in-house) at 200 μL/min (0.1%
TFA, 1 �C), and the resulting peptides were trapped onto a C18

trap column (Microm Bioresources). Peptides were gradient
eluted (4% CH3CN to 40% CH3CN, 0.3% formic acid
over 15 min at 2 �C) over a 2.1 mm � 50 mm C18 reverse-phase
HPLC column (Hypersil Gold; Thermo Electron) and electro-
sprayed directly into a linear ion trap mass spectrometer
(LTQ; Thermo Electron). Data were processed using in-house
software (24, 25) and Microsoft Excel followed by visualization
with PyMOL (DeLano Scientific, South San Francisco, CA).
Average percent deuterium incorporation was calculated for 35
regions of the holo- and apo-HCA II following 1, 30, 60, 900,
3600, and 260000 s of on-exchange with deuterium. To determine
differences in exchange between apo- and holo-HCA II, the
average percent deuterium values for all 35 regions of apo-HCA
II from the average percent deuterium values of the same 35
regions of the holo-HCA II were subtracted (Supporting In-
formation Table S2).
Differential Scanning Calorimetry (DSC). DSC experi-

ments were performed using a VP-DSC calorimeter (Microcal,
Inc., NorthHampton,MA) with a cell volume of∼0.5 mL. Apo-
and holo-HCA II samples were buffered in 50 mMTris-HCl, pH
7.0, at protein concentrations of 4 and 5 μM, respectively. DSC
scans were collected from 30 to 90 �Cwith a scan rate of 90 �C/h.
The calorimetric enthalpies of unfolding were calculated by
integrating the area under the peaks in the thermograms after
adjusting the pre- and posttransition baselines. The thermograms
were fit to a two-state reversible unfolding model to obtain van’t
Hoff enthalpies of unfolding.

The melting temperatures (Tm) of apo- and holo-HCA II
occurred at characteristic midpoints on the DSC curves, indicat-
ing a two-state transition. The difference in Gibbs free energy
(ΔG�) at a given temperatureTwas therefore calculated using the
equation (26):

ΔG�ðTÞ ¼ ΔH�mð1-T=TmÞ þ ΔCp½ðT - TmÞ - T lnðT=TmÞ�
ð3Þ

Here ΔH�m is the calorimetric enthalpy at Tm and ΔCp is the
observed change in heat capacity between the folded and
unfolded states. The denaturation enthalpies (ΔH�) and entro-
pies (ΔS�) were calculated for a given temperature T using the
Kirchhoff’s law equations:

ΔH�ðTÞ ¼ ΔH�m þ ΔCpðT - TmÞ ð4Þ
ΔS�ðTÞ ¼ ΔS�m þ ΔCp lnðT=TmÞ ð5Þ

RESULTS

Residual Electron Density for Metal Ion.We observed no
significant differences in the overall fold between the apo- and
holo-HCA II structures. However, the residual Fo - Fc electron
density Fourier difference map for apo-HCA II displayed some
weak electron density at the presumed “removed” zinc site.
Håkansson et al. also reported a similar observation and
attributed this to the presence of sodium ions in their buffers (12).
In this study, the buffers also contained sodium ions, and
the current data are also consistent with this explanation,
or possibly a water molecule, which could have filled the void
space left by the removal of the zinc. An alternate, more
consistent consideration is that this site contained residual
zinc from glassware and solutions, despite care in avoiding
this contamination, as apo-HCA II has an extremely high affinity
for zinc (9). The apo-HCA II structure was refined assuming
a partial zinc occupancy of 10% based on the relative B factor of
the holo-HCA II structure at 1.2 Å resolution. In retrospect, the
crystallization reagents and cryoprotectent solutions ought to
have been treated for removal of exogenous zinc prior to
crystallization. However, catalytic activity studies (data not
shown) using 18O exchange methods (15) estimated the solution
sample of apo-HCA II to contain a near equal zinc contamina-
tion of 10% based on relative activity to holo-HCA II. The
nature of the apo-HCA II in both the crystal and solution was
therefore assumed to be similar.
Active Site of Apo-HCA II.We observed the same ordered

water structure in the apo-HCA II as was observed in the active
site cavity of holo-HCA II. This was also reported byHåkansson
et al. (12). In apo-HCA II the solvent molecule corresponding to
the zinc-bound solvent of the holo-HCA II was observed to be
shifted ∼0.8 Å toward the unoccupied zinc binding site. In the
absence of zinc, this shift may be sterically or energetically
favorable. However, this observation may also be an artifact of
the partial occupancy of zinc. The active site water network has
been shown to be supported through a network of hydrogen-
bonding interactions from the zinc-bound solvent and the side
chains of residues (Thr 7, Asn 62,His 64, andAsn 67) that line the
active site (6). Previous studies have shown that this active site
water network is very sensitive to the amino acid side-chain
interactions and can therefore be readily disturbed upon muta-
tion of one or more of these residues (27). As the structure of the
apo-HCA II reveals no change in the positions of the water

Table 1: Refinement and Final Model Statistics for the Crystallographic

Study of Apo-HCA II

temperature (K) 100

wavelength (Å) 0.9772

space group P21
unit cell parameters (Å; deg) a = 42.7, b = 41.6,

c = 72.8; β = 104.5

total no. of reflections 476977 (15426)d

total no. of unique reflections 61768 (5933)d

resolution (Å) 50-1.26 (1.31-1.26)d

Rsym
a 0.057 (0.194)d

I/σ(I) 29.7 (10.0)d

Rcryst (%)b 14.0

Rfree (%)c 18.7

residue nos. 4-261

no. of protein atoms 2087

no. of H2O molecules 250

rmsd for bond lengths (Å), angles (deg) 0.004, 1.4

Ramachandran statistics (%)

most favored, additionally allowed,

and generously allowed

88, 11.5, 0.5

B factors (Å2)

average main chain, side chain, solvent 18.6, 23.1, 30.2

a Rsym=
P

|I- ÆIæ|/
P

ÆIæ. b Rcryst= (
P

|Fo|- |Fc|/
P

|Fo|)� 100. c Rfree

is calculated in samemanner asRcryst, except that it uses 5%of the reflection
data omitted from refinement. dValues in parentheses represent highest
resolution bin.
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molecules in the active site, this would indicate that both the zinc
and the zinc-bound solvent play little role in the formation and/or
stability of the solvent network (Figure 2).

A comparison between the crystallographic B factors (an
indication of the thermal mobility of an atom) of the apo- and
holo-HCA II structures showed, with the exception of W1, that
the solvent had similar thermal parameters (Supporting Informa-
tion Figure S1). The water moleculeW1 in holo-HCA II is partly
stabilized by a hydrogen bond with the zinc-bound solvent.
Hence, in the absence of the zinc, it seems a likely explanation;
the removal of this interaction would account for the increased
thermal motion of W1 observed in apo-HCA II structure
(Supporting Information Figure S1).

In the apo-HCA II, His 64 appears predominantly (solely
within experimental observations) in an outward conformer
stabilized through a π stacking interaction with the indole ring
of Trp 205. In addition, the apo-HCA II structure revealed three
“new” water molecules, termedW4, W5, andW6, previously not
observed in the holo-HCA II (Figure 2). The water molecule W4
located in the region that would otherwise be occupied by His 64
in an inward conformer (as observed in the structures of holo-
HCA II) (6). The other two additional waters, W5 and W6, are
within hydrogen-bonding distance to the side-chain nitrogens of
His 64 and are bulk solvent waters, outside the active site cavity
(Figure 2).
Analysis of B Factors for BackboneAtoms.The apo-HCA

II structure was compared to the recently reported 1.05 Å
resolution structure of holo-HCA II (PDB code 2ILI) (6). An
average B factor for each residue, based on the O, N, and C
backbone atoms, in apo-HCA II was calculated and normalized
to the overall average B value of the holo-HCA II. The normal-
ized average B factors for each residue of both the structures are
plotted in Figure 3. The regions indicated by the black bars
labeled 1, 2, and 3 in Figure 3 were those observed to have
significantly larger B factors for apo- than for holo-HCA II.

Inspection of theB factors for the apo-HCA II showed that the
nearly complete absence of the metal was not associated with
significant thermal instability for the residues within the active

site cleft, with the exception of Asn 67 (Supporting Information
Figure S2). The histidine ligands of the zinc and secondary shell
stabilizing amino acids showed no increase in thermal vibration
in apo-HCA II compared with holo-HCA II (Figure 3, dark and
light green arrows). But this analysis is suggestive that the absence
of the zinc effects thermal stability of residues 53-75, 146-185,
and 220-240 on the protein surface. However, the rate of
increase in radial thermal variation as a function of distance
from the zinc was no greater than that observed in the holo-HCA
II (Supporting Information Figure S3). It should, however, be
noted that crystal contacts may interfere with the B factor
analysis, and these results may have been dampened by crystal
packing events, although, again, this was not apparent when
studying those amino acids on the surface of the enzyme thatwere
involved in such contacts. InFigure 3, these residues are indicated
by tick marks and show amean averageB factor of 25.4 Å2 while
the mean average B factor of the remaining residues is 19.5 Å2,
indicating a minor difference in crystal versus noncrystal con-
tacts. Instead, in apo-HCA II, the removal of the zinc seems to

FIGURE 3: Plot of the average residue B factors of holo- (dark blue)
and apo-HCA II (pink). Regions labeled 1, 2, and 3 (indicated by the
black bars) are segments of apo-HCA II that have higher B factors
than holo-HCA II. The green bars at the base of the figure indicate
regions that have the largest extent of difference (up to 12%) in H/D
exchange rates between apo- and holo-HCA II. The dark green
arrows indicate first shell ligands, while light green arrows indicate
second shell ligands of the zinc in holo-HCAII. The tickmarks above
the abscissa represent regions of crystal contacts within the crystal
lattice.

FIGURE 4: Differential scanning calorimetry of holo- and apo-HCA
II. (A) DSC scans from 30 to 90 �C of holo- (black) and apo-HCA II
(red), showing the dominant transition peaks with values ofTm of 59
and 51 �C, respectively. (B) The DSC curve of apo-HCA II from
panel Awas resolved into two independent peaks, red and green. The
secondary peak (green) coincides with the holo-HCA II peak (black)
and is attributed to 10% holo-HCA II contamination within apo-
HCA II samples (see text for explanation).
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have perturbed the stability of the hydrophobic β-sheet core
(residues 50-75), which in turn seems to affect the stability of the
outer R-helices. Such an interpretation also seems to explain the
higher thermal vibration of Asn 67, which lies on one of the
β-sheets of the hydrophobic core that is destabilized in the
absence of the zinc (Supporting Information Figure S2).
Differential Scanning Calorimetry. The thermal unfolding

transitions of apo- and holo-HCA II were studied by DSC.
A major unfolding transition, the observed dominant peak, was
seen for both holo- and apo-HCA II (Figure 4). The transitions
were recognized as endothermic peaks, that were centered at the
Tm, with the maximum heat capacity (Cp) occurring at the Tm.
TheTm of holo-HCA IIwas observed at 59( 0.5 �Cwhile that of
the apo-HCA II was found nearly 8 �C lower at 51 ( 0.5 �C.
These values were∼2 �C lower than the CD values (most likely a
consequence of different protein concentration and buffers)
(Supporting Information Figure S4). The calorimetric enthalpy
at Tm (ΔH�m) was calculated by integrating the area under the
unfolding peak, normalized to the protein molar concentration
that yielded values of 280 and 250 kcal mol-1 for apo- and holo-
HCA II, respectively.

Although the experimentally observedDSC curves of apo- and
holo-HCA II were fit to a two-state reversible unfoldingmodel to
yield van’t Hoff enthalpies (Table 2), the DSC curve of apo-
HCAII does not fit to a two-state model as precisely as the holo-
HCAII due to a secondary peak observed at 58 �C (Figure 4A).
However, this could be explained by the 10% of the apo-HCA II
samples that retained zinc despite stringent efforts to remove it.
The DSC curve of apo-HCA II when resolved into two distinct
peaks in Figure 5B reveals the secondary peak (shown as green in
Figure 4B) to coincide with the holo-HCA II peak and indicates
that the secondary peak could be attributed to a 10% zinc
contamination in the apo-HCA II samples. These results are in
agreement with the crystallographic studies showing residual
density that could be accounted for by assuming ∼10% zinc
occupancy and the kinetic analysis that also agreed with this
interpretation. As ΔG� at Tm in a two-state reversible model is
zero, a reference temperature of 55 �C, between the melting
temperatures of apo- and holo-HCAII, was chosen to calculate
ΔGT=55�C, ΔHT=55�C, and ΔST=55�C (Table 2). The width at
half-peak height of holo-HCA II was nearly a unit lower than
apo-HCA II, indicating a relatively higher cooperative transition
between the native anddenatured states in the holoenzyme. These
results were confirmed using circular dichroism spectroscopy as
an alternate technique (Supporting Information Figure S4).

BackboneAmideH/DExchange.Tounderstand the effects
of the loss of zinc on the dynamics of HCA II, comprehensive
differential, backbone amide HDX experiments were performed
on both holo- and apo-HCA II. Exchange kinetics were mea-
sured for 35 regions of the enzyme, and for each region,
comparisons were made between the exchange kinetics of the
holo- and apo-HCA II (Figure 5A). The results of these
comparisons are given in Supporting Information Table S2
and Figure S5 with the percent change in deuterium incorpora-
tion of the apo-HCA II as compared to the holo-HCA II being

Table 2: Thermodynamics of Unfolding of Apo- and Holo-HCA II

parameter apo-HCA II holo-HCA II

Tm (�C)a 51 ( 0.5 59 ( 0.5

ΔH�m (kcal mol-1)a 280 ( 20 250 ( 20

ΔHvH (kcal mol-1)b 200 ( 20 220 ( 20

ΔCp (kcal mol-1 K-1)c 0.86 0.75

ΔGT=55�C (kcal mol-1)d -9.3 þ3.0

ΔHT=55�C (kcal mol-1)e 283 247

ΔST=55�C (kcal mol-1)f 0.87 0.74

aCalorimetric parameters determined by DSC. b van’t Hoff enthalpy
(ΔHvH) was determined by fitting thermograms to a two-state rever-
sible unfolding model. cHeat capacity (ΔCp) of protein unfolding obtained
by plotting calorimetric enthalpy (ΔH�m) vs melting temperature
(Tm).

dThermodynamic parameter extrapolated to reference temperature
of 55 �C using eq 3. eThermodynamic parameter extrapolated to reference
temperature of 55 �C using eq 4. fThermodynamic parameter extrapolated
to reference temperature of 55 �C using eq 5.

FIGURE 5: Cartoon and surface renditions of crystallographic B
factors and differential H/D exchange of holo- and apo-HCA II.
Cartoon of (A) holo- and (B) apo-HCA II color coded based on their
respective normalizedB factors. The color transition fromblue to red
depicts the relative increase ofB factor from the lowest to highest (see
Figure 3). (C) Surface profile comparing backbone amide exchange
rates of apo-HCA II to holo-HCA II overlaid onto the apo-HCA II
crystal structure. Differences in deuterium incorporation for each of
36 regions of HCA II (see Supporting Information Table S2 and
Figure S1) were determined by subtracting the mean exchange rates
for each region of the apo-HCA II from the mean exchange rates of
the same regions of the holo-HCA II for exchange times of 1, 30, 60,
900, 3600, and 260000 s. Regions colored yellow represent increases
of H/D amide exchange rates between 5% and 9%, and regions
colored orange represent increases of H/D amide exchange rates
between 10% and 20% of apo-HCA II relative to holo-HCA II.
Regions colored gray represent areas of nonsignificant changes inH/
D amide exchange rates between the two forms of the enzyme, and
regions colored white could not be experimentallymeasured. Figures
were made using PyMOL (Delano Scientific).
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reported for all 35 peptides. As was noted in the crystallographic
B factor comparison, little changes in dynamics were observed
when comparing holo- and apo-HCA II in regions containing the
zinc binding sites (His 94, His 96, and His 119) or the cluster of
hydrophobic amino acids (namely, Val 121, Val 143, Leu 198,
Thr 199, Val 207, and Trp 209) that comprise the hydrophobic
environment of the active site.

However, significant differences were observed in peptides
58-66 that contain important hydrophilic residues of the active
site cavity such as Asn 62 and the proton shuttling residueHis 64.
In this case, the amide exchange kinetics for this residue were
significantly reduced in holo-HCA II compared with apo-HCA
II, suggesting a loss of stabilization of this region upon loss of
zinc. Moreover, significant differences were observed in the
amide exchange kinetics of two other regions of the enzyme,
residues 147-189 and 224-239 (Figures 3 and 5). Peptides within
these regions demonstrated reduced amide exchange kinetics in
the holo-HCA II compared to the apo-HCA II, suggesting an
increase in dynamics in these regions of the apo-HCA II which is
also consistent with the crystallographicB factor analysis. Taken
together, the HDX data corroborate the findings that the loss of
zinc does not affect the dynamics of the metal binding site or
hydrophobic residues that sequester CO2 in the active site (28) but
does significantly destabilize important hydrophilic regions of the
active site containing proton shuttle His 64 as well as R-helical
regions on the outer surface of the enzyme.

DISCUSSION

The catalytic role of the zinc in carbonic anhydrase, in the
hydration of CO2, is to lower the pKa of the metal-bound
hydroxide so as to enhance its nucleophilicity as a Lewis acid
(2, 5). The role of zinc in maintaining the stability of HCA II has
been lesswell studied. Emphasized here is the structural similarity
of the apo- to holo-HCA II at atomic resolution, a continuation
of the initial study of Håkansson et al. (12). An exception is the
conformation of the side chain of His 64, the proton shuttle
residue (4) which in the holo-HCA II is equally in an inward and
outward orientation that is largely independent of pH between
6 and 8 (6, 29), whereas in the apo-HCA II His 64 appears
predominantly in the outward orientation (Figure 2). This is an
interesting result considering that the ordered water in the active
site cavity appears nearly identical in both the apo- and holo-
HCA II (Figures 1 and 2) with very similar B factors (Figure 3).
Therefore, the electrostatic influence of the zinc on the orienta-
tion of the side chain of His 64 may play a significant role in
establishing its dual orientation in the holo-HCA II. Moreover,
this balance between inward and outward orientation of His 64
supports a role for both of these conformations in the proton
transfer mechanism (6).

The water molecule, W4 in Figure 2, was observed in a space
vacated by the inward orientation of His64 in the apo-HCA II.
Although the presence of this additional water is observed only in
the apo-HCA II structure, its presence in the holo-HCA II could
well be possible. In the catalytically active holo-HCA II, the
constant inward and outward flickering of His 64 would render
this water a momentary presence that would elude its detection
through crystallographic (time averaged) methods. However, in
circumspect, it should be noted that the possibility of the electron
density of W4 to be an artifact (owing to the partial occupancy of
the “in” conformer His 64) cannot be entirely ruled out. Never-
theless, if the speculation of W4 is true, it would be interesting to
determine if this water molecule plays any significant role in the

proton transfer from the zinc-H2O to His 64. Furthermore, the
captured outward orientation of His 64 has stabilized two
additional water molecules, W5 and W6, which allowed their
detection through crystallographic methods. These stabilized
water molecules in vivo may likely be the first candidates of
the bulk solvent to receive protons from the active site during
catalysis (Figure 2), although ultimately protons must transfer to
the buffer in solvent to maintain the maximum velocity of
catalysis.

The observation of nearly identical ordered water structures in
apo- and holo-HCA II confirms the role of residues in the active
site cavity in stabilizing this water network, specifically Tyr 7,
Asn 62, and Asn 67, among others (27). That is, the zinc plays
very little, if any, role in stabilizing the structure of the active site
waters. This study shows there is no significant change in water
structure by removing the zinc; however, replacement of Tyr 7,
Asn 62, orAsn 67 causes large changes in both the structure of the
ordered water and the rate of proton transfer in catalysis (27).
Recent work has also established that the zinc inHCA II plays no
role in the binding orientation ofCO2 in the active site cavity (28).
This is further evidence of the predominant role of the zinc in
HCA II, to activate the zinc-bound solvent molecule for nucleo-
philic addition to CO2.

Clearly, the zinc contributes to the thermal stability of the
protein. The main unfolding transition is lowered 8 �C in apo-
HCA II compared to holo-HCA II (Figure 4 and Supporting
Information Figure S4 and Table 2). Comparing the crystal-
lographic B factors and backbone amide H/D exchange data to
examine the source of this destabilization gave results that were
consistent with this observation (Figures 3 and 5). Residues in the
vicinity of the zinc were not observably influenced by its removal.
Rather, enhanced thermal mobility in the apo-HCA II was
observed by B factors and H/D in regions of the enzyme near
the surface, especially residues 147-189 containing part of an
extended platform of the β-sheet and an R-helix (Figure 5).
However, it was interesting to note that the enthalpy of unfolding
was similar between the apo- and holo-HCA II, and the
ΔΔGT=55�C yields a small value of 12 kcal mol-1 (Table 2). It
may be possible that the surface residues of a folded enzyme
require the attainment of a threshold vibration for the unfolding
cascade to be triggered. This threshold seemed to have been
attained at an earlier temperature of the apo-HCA II, possibly
because the apo-HCA II already possessed a higher thermal
vibration in comparison to holo-HCA II initially (Figure 3 and
Supporting Information Figure S3). Both apo- and holo-HCA II
exhibited a two-state cooperative denaturation process. The
holo-HCA II displayed a sharper peak, indicating a higher extent
of the cooperative denaturation than the apo-HCA II.

It should also be noted that regions of the active site cavity
associated with catalysis (except His 64) did not change upon
removal of zinc. This probably reflects the significance of this
region in ordered water formation that may be critical for proton
transfer. That is, mobility in this region would decrease catalysis.
The enhanced mobility in apo-HCA II of regions away from the
zinc and closer to the surface of the enzyme simply reflectsweaker
intramolecular interactions in these regions. The source of this
effect may again be electrostatic due to removal of the zinc. It
may also be due to an angular effect; that is, small mobility near
the zinc binding site where there are significant intramolecular
interactions may translate to more extensive mobility near the
surface of the enzyme where there are fewer such interactions.
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