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ABSTRACT Molecular flexibility and rigidity are required to determine the function and specificity of protein molecules. Some
psychrophilic enzymes demonstrate a higher catalytic efficiency at low temperatures, compared to the efficiency demonstrated
by their meso/thermophilic homologous. The emerging picture suggests that such enzymes have an improved flexibility of the
structural catalytic components, whereas other protein regions far from functional sites may be even more rigid than those of their
mesophilic counterparts. To gain a deeper insight in the analysis of the activity-flexibility/rigidity relationship in protein structure,
psychrophilic carbonic anhydrase of the Antarctic teleost Chionodraco hamatus has been compared with carbonic anhydrase II
of Bos taurus through fluorescence studies, three-dimensional modeling, and activity analyses. Data demonstrated that the cold-
adapted enzyme exhibits an increased catalytic efficiency at low and moderate temperatures and, more interestingly, a local flex-
ibility in the region that controls the correct folding of the catalytic architecture, as well as a rigidity in the hydrophobic core. The
opposite result was observed in the mesophilic counterpart. These results suggest a clear relationship between the activity and
the presence of flexible and rigid protein substructures that may be useful in rational molecular and drug design of a class of
enzymes playing a key role in pathologic processes.
INTRODUCTION

Molecular flexibility and the complementary concept of

rigidity are important characteristics for protein activity. A

protein can be considered a mechanically heterogeneous 3D

structure composed of locally rigid and flexible substructures.

Enzymes isolated from cold-adapted organisms are generally

characterized by a higher plasticity or flexibility of their

molecular structure to compensate for the lower thermal

energy provided by the low-temperature habitat (1–4). High

structural flexibility of the psychrophilic enzymes could allow

better interaction with substrates and could explain their

higher catalytic rate (kcat), lower thermostability, and lower

activation energy (Ea) requirements, compared with require-

ments for mesophilic and thermophilic counterparts (2,4–6).

Psychrophilic enzymes have been shown to use different

structural adaptation strategies to increase molecular flexi-

bility, such as weakening intramolecular hydrogen bonds,

increasing the number of hydrophobic side chains exposed

to the solvent, and reducing the number of salt bridges

(4,7). However, each protein family adopts its own structural

strategy (2,4). As a consequence of their high structural flex-

ibility, most of these enzymes usually improve kcat at the

expense of affinity for substrates (Km), with a consequent

loss of catalytic efficiency (kcat/Km) (8).

Conversely, some psychrophilic intracellular enzymes,

operating at subsaturating substrate concentrations, showed

Km values as much as 10 times lower than that of their meso-

philic homologs at their respective physiologic temperatures
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(7–9), keeping the characteristic high-reaction rate (4). The

decrease in Km, crucial to maintain catalytic efficiency values

compatible with the cell metabolism, is achieved by acquiring

rigidity in substructures that restrict the number of conforma-

tional states available for the enzyme-substrate complex (8).

As a matter of fact, all cold-adapted enzymes with catalytic effi-

ciency greater than that of their mesophilic counterparts display

local flexibility/rigidity (5,8). Flexibility and rigidity are likely

to ‘‘work’’ together, each acting on specific areas of the enzyme

structure. Although flexibility and rigidity are properties diffi-

cult to quantify for a small and anisotropic material such as

a protein molecule, the study of a cold-adapted enzyme com-

pared with a closely related mesophilic counterpart may allow

an interesting analysis at the molecular level (10–12).

To elucidate how local flexibility and rigidity are exploited

in enzymes and to clarify the connections between structure,

dynamics, and function of enzymes, we have investigated two

cytoplasmatic enzymes, i.e., the cold-adapted gill carbonic

anhydrase from the Antarctic icefish Chionodraco hamatus
(Ice-CA) and its mesophilic counterpart bovine carbonic

anhydrase II (BCAII).

Structural features of Ice-CA and BCAII

Ice-CA consists of 259 residues with an acetylated N-terminus;

it has been shown to have a shift of the optimal temperature

toward low values, an increased catalytic rate, and relatively

low activation energy (13). Because of its cytoplasmic locali-

zation, its high sensitivity to sulphonamides, and the analysis

of the amino acids within 10 Å from the catalytic core, the

cold-adapted Ice-CA isoform can be considered closely related

to the mammalian CAII isoform (13–15). However, similarly

to CAIII, Ice-CA is also S-glutathionylated, suggesting
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a protective action of S-glutathionylation against oxidative

stress (13). For these reasons, we chose, as the mesophilic

reference, BCAII, an enzyme that, along with the human coun-

terpart (HCAII), has been extensively studied as model charac-

terize protein folding (16–22), catalytic features (23,24),

protein-chaperone interactions (25,26), and protein-surface

adsorption mechanisms (27).

BCAII consists of a single polypeptide chain with 260 amino

acid residues. The central fold consists of 12 strands of parallel

or antiparallel b-sheets, forming a core structure with seven

a-helices surrounding the b-sheets (28). The overall structure

of the molecule is roughly spherical, also a good model for its

human homolog. (The root mean-squaredeviation for backbone

atom positions between HCA II and BCA II is in fact 0.58 Å

(28)). The active site of BCAII forms a funnel-shaped channel

with an outer diameter of 13 Å that extends from the molecular

surface to the center, with the zinc ion located at the bottom of

the channel at a depth of 10 Å from the surface. Three direct

ligands from the protein (His-94, His-96, His-119) and a water

molecule placed in the middle of the b-sheets coordinate to

Zn2þ ion in a tetrahedral geometry. The indirect ligands (Gln-

92, Glu-117, Thr-199, Asn-243) enhance the basicity of direct

histidine ligands and also help the positioning of the direct

ligands for optimal metal coordination (29).

The proton transfer between zinc-bound water and bulk-

solvent is mediated by the active site ‘‘shuttle’’ residue

His-64; this residue, along with Glu-106, Thr-199, and

zinc-hydroxide, forms a hydrogen bond network (30) that

maintains the orientation and reactivity of the zinc hydroxide

group, catalyzes proton transfer, and discriminates inhibitor

(31–33). The aromatic residues Phe-93, Phe-95, Trp-97,

and Phe-97 form a large hydrophobic cluster that anchors

the b-strand containing the direct ligands His-94 and His-

96 in the hydrophobic core of the enzyme and stabilizes its

conformation (34). A binding site, 3.4 Å away from the

zinc, is formed by the side chains of Val-121, Val-143,

Leu-197, and Trp-208 (35). The C-terminal region of BCAII,

as well as that of HCAII, is characterized by a unique ‘‘knot’’

topology, in which the polypeptide chain crosses itself in

such a manner that one chain segment goes ‘‘below-above-

below’’ the other segment. The ‘‘knot’’ topology of BCA

II is tighter and more stable than that of HCAII (28).

BCAII and Ice-CA are of similar size, share all the prop-

erties common to carbonic anhydrases, but are adapted to

different temperatures, therefore constituting an adequate

series of homologous enzymes for adaptation studies.

MATERIALS AND METHODS

Protein purification

Cytoplasmic carbonic anhydrase of Ice-CA was obtained as previously

described (14). Ice-CA was purified by fast protein liquid chromatography

affinity chromatography on p-aminomethylbenzene-sulphonamide immobi-

lized on cyanogenbromide-activated agarose gel (13,14). The gel column

(1.6 � 20 cm), fitted to an AKTA-FPLC system (Amersham Pharmacia
Biotech, Uppsala, Sweden), was equilibrated with: Tris 25 mM, Na2SO4

100 mM, adjusted to pH 8.7 with HCl, and rinsed with Tris 25 mM, NaClO4

300 mM, adjusted to pH 8.7 with HCl; then the enzyme was eluted at 8 mL

h�1 by CH3COOH 100 mM, NaClO4 500 mM, pH 5.6 at 4�C. Protein

elution was monitored by measuring the eluate absorbance at 280 nm, and

all fractions containing CA activity, measured by an electrometric method

(14), were pooled and concentrated by ultra filtration with YM10 membrane

(Amicon, Lexington, MA), under nitrogen pressure (7 x 105 Pa). All purifi-

cation steps were carried out at 4�C.

Purified BCAII was purchased from Sigma (St. Louis, MO).

Sequence analysis and homology modeling

The sequence of the cold-adapted Ice-CA was retrieved from the Swiss-Prot

database (http://www.expasy.org/; accession number P83299); bovine (Bos

taurus) CAII was retrieved from the Protein Data Bank (PDB) structural

database (http://www.rcsb.org/) with the PDB ID 1v9e. These sequences

were aligned with ClustalW (version 1.9; http://www.ebi.ac.uk/clustalw).

For the modeling procedure, the sequence of Ice-CA was submitted to the

Swiss Model method, using the first approach mode (http://swissmodel.

expasy.org//SWISS-MODEL.html) in combination with the DeepView

3.7 program (http://swissmodel.expasy.org/spdbv/). The protein structures

were analyzed using the PyMOL program (http://pymol.sourceforge.net/);

the accessible solvent area (ASA) was calculated using the NOC 1.5.2.10

program (http://www.noch.sourceforge.net/).

Quality validation of the Ice-CA model

The Protein Structure Quality Score (PSQS) (http://www1.jcsg.org/psqs),

ERRAT, Verify3D, and ProCheck (http://nihserver.mbi.ucla.edu/SAVS/)

programs were used to validate the quality of the Ice-CA model. The

PSQS program uses an energy-like measure of the quality of the protein

structure. The energy is calculated based on statistical potentials of mean

force, which describes the interactions between residues pairs and between

single residues and the solvent. The Verify3D program uses a potential

based on the relative burial of residues and local secondary structure. The

ERRAT program analyzes the statistics of nonbonded interactions between

different atom types. By comparison with statistics from high-quality struc-

tures, the error values have been calibrated to give confidence limits. The

ProCheck geometry validation program compares the geometry (standard

Ramachandran plot) of the model with that of high-quality x-ray structures.

Carbonic anhydrase activity

Ice-CA and BCAII activities were measured by a radioactive method

described earlier (13,14). Kinetic parameters of Ice-CA and BCAII

(substrate affinity, Km, and maximum reaction rate, Vmax) were obtained

by measuring their activity at 2, 18, and 35�C, using increasing concentra-

tion of NaH14CO3 (0.1–700 mM) and 500 ng of purified enzyme for each

determination. Experimental data were fitted to a Michaelis-Menten equa-

tion by a curve-fitting subroutine in the Graph-Pad software package.

CA thermodependence was investigated by measuring the enzymatic

activity in the 2–70�C range in a saturating concentration of substrate

(100 mM NaH14CO3) and by recording the maximum velocity of bicar-

bonate dehydration.

Fluorescence measurements

All fluorescence measurements were recorded in photon counting mode, by

using a 450-W Xenon lamp (Ushio, Tokyo, Japan) as the source of excitation

and double monochromators both in excitation and emission (2 nm band-

widths). The emitted light was observed at right angles to the excitation radi-

ation. Photoluminescence spectra of control samples, without protein, were

recorded and subtracted from the experimental samples to correct for back-

ground interference. All of the spectra were recorded in 20 mM phosphate
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buffer, pH 7.2 at room temperature (18�C). For 8-anilino-1-naphtalenesulfonic

acid (ANS) experiments, dye/enzyme molar ratio ([ANS]/[CA]) was ~50.

Thermal unfolding of the two enzymes was monitored by recording the

fluorescence intensity change at 350 nm for BCAII (1.7 mM) and Ice-CA

(3.5 mM) in 20 mM phosphate buffer, pH 7.2 (typical scan rate: 1�C/min).

Data were normalized using the pre- and post-transition baseline slopes,

as previously described (36).

Time-resolved photoluminescence measurements were performed by

time-correlated single photon counting at 18�C, using a protein concentra-

tion of 4.4 mM in 20 mM phosphate buffer, pH 7.2. Sample solution was

excited at 280 or 295 nm by high-frequency light emitting diodes (LEDs)

(~10 nm bandwidth; ~1 ns pulse duration; 1 MHz repetition rate). Protein

fluorescence was detected at 330, 310, and 380 nm for BCAII and at 321

nm for Ice-CA (see Results and Discussion for details), using a standard

right angle geometry (emission band width: 4 nm).

Fluorescence-quenching experiments were performed by analyzing the

effect of acrylamide (0–0.6 M) on the emission of the two enzymes

(4.4 mM, 20 mM phosphate buffer, pH 7.2). The fluorescence from the

two carbonic acid species was quenched by progressive addition of small

aliquots of a stock solution (5 M) of the quencher to the fluorimetric cuvette.

After correction for dilution of the sample and for inner-filter effects, arising

from light absorption by acrylamide, the decrease of fluorescence (calculated

as the area under the emission curves) was analyzed according to the Stern-

Volmer equation (37).

The above experiments were also performed in time-resolved mode at 18�C,

using excitation at 280 nm with fluorescence emission set at 330, 310, or

380 nm for BCAII, and at 321 nm for Ice-CA (emission band width: 4 nm).

Dynamic light-scattering measurements

Protein size measurements were performed on a Zetasizer Nano-S Dynamic

Light Scattering (DLS) system (Malvern Instruments Ltd., Malvern, UK),

using a 633 nm laser as the excitation source and a back-scattering signal collec-

tion. Samples were prepared in 20 mM phosphate buffer, pH 7.2, and the

protein concentrations were 2.45 mg/mL for BCAII and 3.1 mg/mL for Ice-CA.

Thermal unfolding experiments were also performed by DLS technique.

Data were recorded in the 10–60�C temperature range for Ice-CA and in

the 30–80�C range for BCAII to obtain the protein unfolding pattern in

size and to calculate the protein melting point.

Statistics

For statistical considerations, the experimental results are the average of five

independent measurements. The data shown in the figures throughout the

manuscript are the mean values of the data from experiments, and the error

bars indicate the standard deviations.
Biophysical Journal 96(4) 1586–1596
RESULTS AND DISCUSSION

Sequence analysis and homology modeling

Sequence alignment between Ice-CA and BCAII revealed

a 63% amino acid similarity and highlighted that the psychro-

philic enzyme preserves all residues contributing to its

activity (Fig. 1): direct zinc ligands (His-94, His-96, His-

119), indirect zinc ligands (Gln-92, Glu-117, Thr-199, Asn-

243), residues involved in hydrogen-bond-network (His-64,

Glu-106, Thr-199), proton shuttling (Gly-63, His-64, Ser-

65, and Phe-66), substrate-binding hydrophobic sites (Val-

121, Val-143, Leu-198, and Trp-209), and aromatic clusters

(Phe-93, Phe-95, Trp-97). Compared with the sequence of

BCAII, the Ice-CA sequence shows an increased content of

serines (9.7% vs. 6.2%) and glycine (8.5% vs. 7.7%) and

a decreased amount of major hydrophobic residues Leu,

Val, Ile, Phe, and Met (23.6% vs. 25.4%), positive-charged

residues Lys and Arg (8.9% vs. 10.4%), Asn (3.5% vs.

5.0%) and Gln (3.1% vs. 4.6%). Similar features have been

observed for other psychrophilic enzymes (4,7).

The homology modeling of Ice-CA elaborated by Swiss-

Model utilized BCAII as a template, because of the high

homology between the two sequences and the high resolution

of BCAII structure (1.95 Å) (28). We utilized two classes of

verification methods, one mainly focusing on the local envi-

ronment (PSQS and Verify3D) and the second focusing on

the local geometry (ERRAT and ProCheck). The environ-

ment-oriented methods PSQS and Verify3D gave scoring

values for the model that were higher than those of the template

(Table 1). In the geometry-oriented methods the scoring differ-

ences between the model and the template were small (Table

1). The Ramachandran plot (not shown) showed that 85.8%

of the amino acids in the Ice-CA model were in the most

favored regions and 12.8% were in additional allowed regions,

whereas 1.4% of the amino acids were in generously allowed

regions and no residues were in disallowed regions. All of

these tests indicated a high quality of the model, which is

thus suitable as a tool for analyzing the 3D structure of Ice-CA.
FIGURE 1 Pairwise sequence align-

ment of Ice-CA and BCAII. The iden-

tical (asterisk) and similar (double

points) residues are highlighted. In

particular, the direct ligands His-94–

His-96–His-119 (magenta), the proton

shuttling residues Gly-63–His-64–

Ser-65–Phe-66 (green), the binding

site Val-121–Val-143–Leu-197–Trp-

208 (yellow), the indirect zinc ligands Gln-

92–Glu-117–Thr-199–Asn-243 (gray),

and the aromatic cluster Phe-93–Phe-

95–Trp-97 (cyan) are spotlighted

(numeration valid for BCAII). The N-

term and C-term regions that form the

upper part of the enzyme (‘‘knot’’

topology) are underlined in blue and

yellow, respectively.
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As expected from the high homology between BCA II and

Ice-CA, the two- and three-dimensional structures of the two

enzymes are highly similar. Ice-CA folds like BCAII, with

12 strands of parallel or antiparallel b-sheet forming a core

structure and with 7 a-helices surrounding the b-sheets

(Fig. 2). Also, akin to BCAII (19), the Ice-CA molecule can

be divided in two distinct domains: the upper part of the

protein consists of the N-terminal and C-terminal regions,

which wrap around each other (‘‘knot’’ topology); the lower

part comprises the b-sheets core that forms the bottom of

the catalytic hole (Fig. 3). In this latter region we found the

highest homology degree between Ice-CA and BCAII

(Fig. 1). The upper domain of the two enzymes shows the

lower homology degree (45% and 47% in the N-terminal

and C-terminal regions, respectively). As shown in Fig. 3,

this domain closes as a lid the overall catalytic architecture

that is kept inside the lower part of the enzyme.

The ASA of Ice-CA and BCAII was then calculated

(Table 2). In Ice-CA there is an increase of negatively

charged ASA (22.57% vs. 19.99%) and a decrease of posi-

tively charged ASA (16.12% vs. 20.64%), accounting for

the significantly lower Ice-CA isoelectric point (13,15).

The hydrophobic ASAs in Ice-CA and BCAII are quite

similar (12.11% vs. 12.69%, respectively).

Kinetic parameters of Ice-CA and BCAII

The determination of the kinetic parameters for Ice-CA and

BCAII revealed that at 2�C the psychrophilic enzyme is

more active than its mesophilic counterpart (Table 3). At

2�C Ice-Ca is characterized by a Vmax value comparable to

that exhibited by BCAII at 35�C, therefore demonstrating

identical enzymatic activities at their respective physiologic

temperatures. In contrast, the Km value of Ice-CA at 2�C is

lower than that measured for BCAII at 35�C (Table 3) and,

in particular, the psychrophilic enzyme Km value increased

from 14.53 to 26.55 mM from 2–20�C, whereas BCAII

showed an opposite trend, with Km value lower at 35�C
than at 2�C (Table 3). Hence, Ice-CA shows a greater catalytic

efficiency than that of BCAII at their respective physiologic

temperatures. It may be argued that the Ice-CA retains some

stable domains that restrict the number of conformational

states available for the enzyme-substrate complex, improving

TABLE 1 Quality scores of the Ice-CA model using different

quality control programs

Structure Verify 3D* PSQSy ERRATz ProCheckx

model (Ice-CA) 91.05 �0.31 92.74 85.8

Template (BCAII) 88.85 �0.33 94.42 85.6

Data accessed from http://nihserver.mbi.ucla.edu/SAVS and http://www1.

jcsg.org/psqs/psqs.cgi.

*Percentage of residues with average 3D–1D score 0.2.
yThe average value for the PSQS scores of a representative set of PDB

structures is �0.27.
zPercentage of residues with scoring below the 95% limit.
xPercentage of residues found in the core region of the Ramachandran plot.
the affinity for the substrate. These assumptions, related to the

concept of local flexibility/rigidity in psychrophilic enzymes,

are consistent with previous observation of these features in

intracellular cold-adapted enzymes relying on Km to regulate

their activity (7–9).

Photophysics of Ice-CA and BCAII

Although an in-depth study of BCAII photophysics has not

been yet performed (and thus comparable data are not yet

directly available), it can be assumed that the high degree of

structural similarity between BCAII and HCAII (28)

produces the same fluorescence pattern (38). HCAII and its

fluorescence properties have been extensively characterized,

thanks to its crystal structure determination (30) and by means

of detailed site-directed mutagenesis experiments, in which

FIGURE 2 Schematic view of the three-dimensional structures of Ice-CA

(a) and BCAII (b). Dots representation shows the direct ligand His-94–

His-96––His-119 (magenta), the main proton shuttling residue His-64

(green), and the binding site Val-121–Val-143–Leu-197–Trp-208 (yellow)

(numeration valid for BCAII). The zinc ion is shown as a gray sphere.
Biophysical Journal 96(4) 1586–1596
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the individual photoluminescence contributions of the seven

Trp residues were strongly elucidated (39). This latter study

showed that several energy transfer processes among different

Trps and strong quenching mechanisms by nearby amino acid

residues account for the complex photophysics underlying the

HCAII fluorescence emission. In particular, it has been

demonstrated that such intramolecular interactions result in

a quasi-complete quenching of five of the protein fluoro-

phores, with the major fluorescence emitters Trp-97 (located

in the lower part of the enzyme) and Trp-244 (placed in the

FIGURE 3 BCAII molecular surface highlighting the upper part of the

molecule consisting of the N-terminal (blue spheres) and the C-terminal

(yellow spheres) regions. (a) Frontal view of the funnel shaped catalytic

hole where the zinc ion is shown. (b) Back view with respect to the catalytic

hole. The same features are present in Ice-CA (not shown).
TABLE 2 ASA values of Ice-CA and BCAII

Total ASA Positively charged ASA (%)

BCAII 11421.39 Å2 20.64

Ice-CA 11246.24 Å2 16.12

Biophysical Journal 96(4) 1586–1596
upper part of the enzyme, in particular in the ‘‘knot’’

topology) in the native state. We have, therefore, utilized

such comprehensive data to address the specific contribution

of the different fluorescing residues in the case of the psychro-

philic enzyme, thus also providing interesting information

about its conformational properties. This was obtained by

examining the microenvironment of each of the seven Trp

residues (considering all the surrounding amino acids contrib-

uting to the microenvironment) and then directly comparing

the results from the modeling of Ice-CA with those from

BCAII (not shown). We found nearly identical structural

features for all of the Trp residues, except for Trp-243, which,

in the icefish enzyme, is replaced by a Tyr residue. Because

this latter, along with all the other Tyr residues, provides

negligible contribution to Ice-CA fluorescence (see below),

a single emitter, Trp-96, is expected in principle to account

for the overall Ice-CA intrinsic fluorescence.

We found experimentally that the Ice-CA photolumines-

cence spectrum is centered around 321 nm and is quite broad

(spectral width ¼ 51 nm) (Fig. 4 a), accounting for the

conformational heterogeneity of the enzyme, in agreement

with other studies on cold-adapted enzymes (10). Also,

consistent with the photophysics of HCAII (39), the photolu-

minescence emission of Ice-CA was found to be mostly due

to Trp residues, with a negligible contribution from the Tyr

residues. (No differences in the emission spectrum were

recorded by exciting the protein at 270 or 295 nm, in terms

of line-shape, emission maximum, and spectral width.) On

the other hand, BCAII showed a broad band emission

centered around 330 nm, which can be ascribed to Trp-97

and Trp-244 residues (38): Trp-97 is deeply buried in the

lower part of the protein interior, whereas Trp-244 is largely

exposed to the solvent in the ‘‘knot’’ topology of the upper

part of the enzyme (Fig. 3), similar to HCAII protein.

Because Ice-CA lacks the second fluorescence emitter

(Trp-243), Trp-96 alone accounts for the overall emission

of the psychrophilic enzyme. This Trp exhibits a very

‘‘blue’’ emission (lmax ¼ 321 nm), indicating a rather apolar

environment, consistent with its function as active site

TABLE 3 Kinetic parameters of Ice-CA and BCAII at different

temperatures

Temperature (�C) Km (mM)

Vmax

(mmol CO2min�1 mg�1 protein)

Ice-CA 2 14.53 5 2.51 6310.0 5 466.3

BCAII 2 30.71 5 3.35 4880.0 5 258.4

Ice-CA 20 26.55 5 3.23 7946.0 5 495.0

BCAII 20 27.97 5 2.92 5803.0 5 253.1

BCAII 35 23.13 5 3.87 7174.0 5 401.9
Negatively charged ASA (%) Hydrophobic ASA (%)

19.99 12.69

22.57 12.11
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organizer in the protein hydrophobic core (34). In Fig. 4 a,

we report the BCAII and Ice-CA fluorescence spectra,

together with their difference spectrum to further charac-

terize their photophysical behavior. This difference spectrum

shows an emission maximum (lmax ¼ 343 nm) typical of

a Trp exposed to the solvent, strongly suggesting that it

may account for the fluorescence of Trp-244 (BCAII). This

hypothesis was experimentally verified by time-resolved

experiments performed on the two enzymes (see below);

also, the deconvolution of the BCAII emission spectrum re-

sulted in two bands peaking at 321 and 343 nm (data not

shown), in close agreement with the above assumption.

This analysis confirmed our predictions, indicating that

Trp-97 of BCAII has the same spectral properties as those

of the single Ice-CA emitters (Trp-96).

Time-resolved fluorescence measurements were carried

out on the two proteins by collecting the emission signals

at their fluorescence maximum (lem ¼ 321 and 330 nm for

FIGURE 4 (a) BCAII and Ice-CA photoluminescence spectra obtained

by exciting protein samples (2 mM in phosphate buffer, pH 7.2, at 18�C)

at 280 nm wavelength, plotted together with their difference spectrum. (b)

Time-resolved fluorescence emission registered at 18�C for BCAII, its

Trps residues (Trp-244 and Trp-97), and Ice-CA, setting the emission wave-

lengths at 330, 380, 310, and 321 nm, respectively. 380- and 310-nm emis-

sion wavelengths were selected to account for the individual BCAII Trps

residues (see text). lexc was 280 nm or 295 nm with no appreciable differ-

ences in the observed fluorescence decays. Ordinate scale is logarithmic.
Ice-CA and BCAII, respectively). Moreover, in the case of

the bovine enzyme we examined the lifetime decays at two

additional emission wavelengths (310 nm and 380 nm) to

spectrally separate the contributions of the two fluorescing

Trps (at 310 nm most of the BCAII fluorescence signal is

due to the effect of Trp-97) (Fig. 4 b). All the fluorescence

decays were found to be composed of three exponentials,

accounting for the conformational heterogeneity of the two

enzymes. BCAII showed a longer fluorescence lifetime

(3.4 5 0.1 ns) than did Ice-CA (2.2 5 0.1 ns). The fluores-

cence decay of Trp-244 of the bovine enzyme is slower

(4.4 5 0.1 ns) than its overall emission, whereas Trp-97 is

more rapid (2.1 5 0.1 ns) and, importantly, quite similar

to the Ice-CA decay. This confirms the previous assumptions

and the modeling data, indicating that the Trp exhibits the

same spectral properties in the two enzymes.

Fluorescence quenching

The hydrophobic cluster of Trp-97, in the lower part of the

enzyme, has a crucial role in the stability of the molecule,

because it serves as an anchor that helps the preorientation

of the direct metal ligands and second-shell metal ligands

to optimize the tetrahedral geometry for zinc and destabilize

alternative geometries (34). For this reason, we further inves-

tigated the microenvironment (and the physicochemical

properties) of Trp-97 and Trp-96 residues, in BCAII and

Ice-CA respectively, selecting all the amino acids within

a 6 Å radius sphere centered on the specific Trps (these

two structures are superimposed in Fig. 5). These Trps are

in contact with the amino acids that integrally belong to

the catalytic architecture, in particular with the solvent

exposed loop Asn-61/Phe-66, containing the proton shut-

tling residue His-64, and with the b-sheets core shown

in Fig. 3: these structures border the lower contour of the

catalytic cavity. The overall microenvironment of the two

enzymes is quite similar (Fig. 5), although some noncatalytic

amino acidic variation occurs. To probe the dynamic

FIGURE 5 Schematic representation of Ice-CA (cyan) and BCAII (red)

lower parts alignment near Trp-96 (Ice-CA) and Trp-97 (BCAII), shown as

blue sticks. Additionally, the zinc ion (gray sphere), zinc direct ligands

(magenta sticks), and the main proton shuttling residue (green sticks) are shown.
Biophysical Journal 96(4) 1586–1596
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properties of this region, we performed fluorescence quench-

ing experiments, using acrylamide. Such experiments were

carried out by both steady-state and time-resolved fluores-

cence measurements. As reported in Fig. 6, the fluorescence

intensities of the two enzymes decreased markedly with

increasing quencher concentration. In particular, the lumines-

cence of Ice-CA (Fig. 6 a) was less affected by acrylamide

than by its mesophilic counterpart (Fig. 6 b); moreover, in

the case of BCAII, a significant blue-shift in the emission

band can be observed. A more careful analysis of the

quenching process (Fig. 7, a and b) clearly revealed an

increasing shift of the emission maximum and spectral width

in BCAII toward lower values, at variance with values for

Ice-CA. In particular, BCAII emission peak ranged from

330 nm (in absence of acrylamide) to 324 nm (at 0.6 M acryl-

amide concentration); similarly, the spectral width showed

a significant reduction. Importantly, both of these spectral

features seem to approach the Ice-CA values, consistent

with a higher quenching efficiency of the exposed Trp-244

residue by acrylamide, compared to the values of buried

‘‘blue’’ Trp-97. The Stern-Volmer plots of the two enzymes

FIGURE 6 Intrinsic fluorescence quenching by acrylamide (AA): decrease

of Ice-CA (a) and BCAII (b) photoluminescence spectra at increasing

quencher concentration (lexc ¼ 280 nm).
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are reported in Fig. 7 c, revealing a higher slope of BCAII

with respect to Ice-CA. The calculated values (1.91 M�1

for BCAII vs. 0.93 M�1 for Ice-CA) clearly suggest an

overall accessibility of Trp residues higher in BCAII

compared to accessibility of the residues with Ice-CA. On

the other hand, a deeper insight in the quenching analysis

may be obtained by directly comparing the behavior of

Trp96 and Trp97 (along with their environment) in the

FIGURE 7 Analysis of the fluorescence quenching process for BCAII

(black line) and Ice-CA (green line). Spectral modifications recorded as

a function of acrylamide concentration: (a) emission maximum (lmax), (b)

spectral width, (c) Stern-Volmer plots and (inset) calculated values of the

quenching constant (Kq) for the two enzymes.
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presence of the quencher. Analogous to time-resolved exper-

iments (see above), we collected the lifetime signals at three

different emission wavelengths for BCAII (330, 380,

310 nm) to monitor how acrylamide affected the fluorescence

decays of the single emitters (Trp-244 and Trp-97). This anal-

ysis revealed that the normalized fluorescence lifetime (t/t0)

of the different contributions decreased with increasing

quencher concentration (Fig. 8), in line with steady-state

data and the Stern-Volmer plot. Trp-244 of BCAII is the

most quenched emitter, as expected from the three-dimen-

sional structural analysis of the protein. However, it is inter-

esting to observe that the behavior of Trp-97 is quite different

from that of Trp-96 (Ice-CA), because the latter is less

quenched. Although the environments of such Trps residues

in the two CA structures are very similar, the distinct quench-

ing efficiency indicates that the Ice-CA structure near Trp-96

impedes more strongly acrylamide-emitter interaction with

respect to the BCAII case. This may be ascribed to a more

rigid local domain in Ice-CA close to the aromatic cluster.

Such local rigidity in the lower part of Ice-CA, compared to

rigidity with BCAII, is likely to compensate the negative

effects of flexibility on the catalytic efficiency; acquiring

rigidity in regions that organize the active site, but that do

not participate in catalytic processes, might allow the enzyme

to maintain the Km parameter in a physiologic range.

ANS fluorescence

The fluorescent hydrophobic dye ANS is widely used to probe

the presence of hydrophobic residue clusters on the surfaces

of proteins. Upon binding to these clusters, there is a consider-

able increase in the fluorescence intensity of the dye, as well as

a blue shift of its emission maximum (40,41).

FIGURE 8 Decrease of the normalized fluorescence lifetime (t/t0)

with increasing quencher concentration. Data were extracted from fluores-

cence decays collected at each acrylamide concentration for Ice-CA

(lem ¼ 321 nm) and for BCAII and its Trps residues (lem ¼ 330, 380,

310 nm, respectively).
The ASA values for the solvent accessible hydrophobic

area in BCAII and Ice-CA were calculated to be quite similar

(Table 2); these residues are not organized in patches both in

BCAII (42) and in Ice-CA surfaces. The only hydrophobic

cluster for ANS interaction, apart from the protein core, is

the hydrophobic half of the active-site cavity Val-121, Val-

143, Leu-198, and Trp-209 that forms the binding site on

the frontal side of the central b-sheet (35). The ASA analysis

for this pocket in Ice-CA and BCAII gave comparable values

(0.55% and 0.54%, respectively). However, as revealed by

ANS experiments (Fig. 9), BCAII exhibits a weak binding

of the dye, suggesting a minimum interaction between

ANS and the BCAII binding site, whereas a strong enhance-

ment of ANS fluorescence was recorded for Ice-CA, under-

lining a significant ANS accessibility to the binding site in

the cold-adapted enzyme. In particular, we found a BCAII/

Ice-CA ANS intensity ratio of 0.22, meaning that ANS

binding to the psycrophilic enzyme is 4.5 times more effec-

tive than ANS binding to BCAII.

The high solvent exposure of the substrate binding site in

Ice-CA is achieved by protein backbone motions around the

catalytic hole (flexibility). Because we observed a more rigid

domain in the lower part of the enzyme with respect to its mes-

ophilic counterpart, local flexibility allowing an increase of

substrate binding site exposure in Ice-CA is expected to occur

in the ‘‘knot’’ structure of the N-terminal and C-terminal

regions that compose the upper part of the enzyme (Figs. 2

and 3). Such a domain borders the upper part of the catalytic

hole and contains vital information for the correct folding of

the enzyme, leading to the formation of the active site (21);

in BCA II, this domain is significantly more rigid than that

of Ice-CA. This structural feature is strengthened by the

evidence that the ‘‘knot topology’’ of BCAII is tighter and

more stable compared to that of another mesophilic enzyme

such as HCA II (28).

FIGURE 9 ANS fluorescence spectra (lexc ¼ 390 nm) in the presence of

Ice-CA (green) and BCAII (black) in the native state. ANS/enzyme molar

ratio ([ANS]/[CA]) was ~50.
Biophysical Journal 96(4) 1586–1596
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Thermal unfolding and thermodependence
of activity

Generally, an increase of the conformational flexibility of

cold-adapted enzymes causes a low thermal stability of the

molecular structure (11,12,43). To investigate this behavior

in Ice-CA, we performed thermal unfolding experiments and

thermodependence studies of enzyme activities, because these

features are in close connection (Fig. 10). Thermal unfolding

measurements were carried out by intrinsic fluorescence. We

found the BCAII melting point (Tm) to be near 66�C, consis-

tent with results in previous studies (44,45), and the maximum

of its activity to be near 35�C. On the other hand, in Ice-CA we

recorded a Tm of ~30�C and a maximum activity of near 20�C,

reflecting its weak stability and highlighting a clear link in

psychrophilic enzymes between temperature adaptation of

optimal activity and decreased stability. Thermally induced

aggregation of the two enzymes was also monitored by

a dynamic light-scattering technique, revealing a trend very

similar to that in fluorescence studies.

In Ice-CA, the temperature corresponding to 50% of activity

loss was reached only 3�C before its Tm (Fig. 10), whereas, for

BCAII, this shift was higher (~13�C). In line with our photo-

physical data (see above), this suggests that, in Ice-CA, the

lower part of the enzyme is the most stable domain, its unfolding

leading to a break of catalytic architectures with activity loss. In

BCAII, although the lower domain is more flexible than that of

its psycrophilic counterpart, the unfolding of the lower part

(Trp-97) and of the upper part (Trp-244) occur long after

enzyme inactivation. This may be explained by considering

the upper part of BCAII the most rigid domain found in this

mesophilic enzyme: while some thermolabile active site regions

are inactivated, the ‘‘knot topology’’ continues to keep the entire

structure extremely packed, causing a shift in Tm.

FIGURE 10 Unfolding, aggregation, and activity dependence of Ice-CA

(green) and BCAII (black) as a function of temperature. Thermal unfolding

(left axis) was recorded by intrinsic fluorescence for Ice-CA and BCAII. Ther-

mally induced aggregation (left axis) was monitored by DLS. The specific

activity of the enzymatic reaction, expressed as mmol CO2 min�1 mg�1

protein (right axis), was measured in saturating substrate conditions.
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CONCLUSIONS

Mesophilic carbonic anhydrases II are some of the most

active of the known enzymes, with a catalytic efficiency

approaching the limit of diffusion-controlled processes

(46). Psychrophilic organisms have evolved several strate-

gies to overcome the effect of low temperatures on catalytic

efficiency, including producing enzymes in which the reac-

tion rate tends to become temperature-independent and

approaches diffusion-control. This latter strategy is achieved

in Ice-CA, where kcat/Km ratio increases by means of a fine

balance between local flexibility/rigidity. We have explored

this issue in Ice-CA in a comparative manner with respect to

BCAII, finding in the psychrophilic enzyme a higher expo-

sure to solvent of the substrate binding site kept inside the

catalytic funnel-shaped channel. This enzymatic region has

a crucial role in catalysis: interaction with this cluster is

assumed to lead to an electrophilic activation of the carbon

dioxide for the subsequent nucleophilic attack of the zinc-

bound hydroxide. A part of the binding energy of the

in situ-formed carboxylate in this hydrophobic cavity might

then be utilized to lower the activation energy for dissocia-

tion of the product (30,35). In Ice-CA, we demonstrated

a gain in flexibility in the upper part of the enzyme that

controls the correct folding of the catalytic architecture,

and an increased rigidity in the lower part of the enzyme

that anchors the catalytic b-strands into the hydrophobic

core, stabilizing their conformation when compared to

results with the mesophilic counterpart. In particular, the

upper domain of the two enzymes shows the lower

homology degree. This strategy is in agreement with hypoth-

eses suggesting that a local rigidity can be beneficial for

keeping Km values in a physiologic range (4).

The results obtained for the two carbonic anhydrases,

adapted to different thermal habitats, clearly establish

a link between activity, flexibility, and rigidity that has

different possible implications. The first pertains to adapta-

tion studies of psycrophilic organisms to different life condi-

tions. The second, pertaining to protein engineering, is the

idea that desired patterns of flexibility might be designed

and inserted into a protein by specific mutation, as a means

of either selecting or regulating a given function. The third

is related to rational design of novel therapeutic inhibitors

and activators on a class of enzymes involved in a range of

disorders, including edema, glaucoma, obesity, cancer,

epilepsy, osteoporosis, and, recently, Alzheimer’s disease,

aging, and infection (46). If dynamics are important for

enzyme function, and if the protein regions most responsible

for the motion can be identified, they might represent a poten-

tial target for drug binding and inhibition.
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30. Håkansson, K., M. Carlsson, L. A. Svensson, and A. J. Liljas. 1992.
Structure of native and apo carbonic anhydrase II and structure of

some of its anion-ligand complexes. J. Mol. Biol. 227:1192–1204.

31. Merz, K. M., Jr. 1990. Insights into the function of the zinc hydroxide-

Thr-199-Glu-106 hydrogen bonding network in carbonic anhydrases.
J. Mol. Biol. 214:799–802.

32. Krebs, J. F., C. A. Fierke, R. S. Alexander, and D. W. Christianson.

1991. Conformational mobility of His-64 in the Thr-200—Ser mutant
of human carbonic anhydrase II. Biochemistry. 30:9153–9160.

33. Thoms, S. 2002. Hydrogen bonds and the catalytic mechanism of

human carbonic anhydrase II. J. Theor. Biol. 215:399–404.

34. Cox, J. D., J. A. Hunt, K. M. Compher, C. A. Fierke, and D. W. Christianson.
2000. Structural influence of hydrophobic core residues on metal binding

and specificity in carbonic anhydrase II. Biochemistry. 39:13687–13694.

35. Loferer, M. J., C. S. Tautermann, H. H. Loeffler, and K. R. Liedl. 2003.
Influence of backbone conformations of human carbonic anhydrase II

on carbon dioxide hydration: hydration pathways and binding of

bicarbonate. J. Am. Chem. Soc. 125:8921–8927.

36. Pace, C. N. 1986. Determination and analysis of urea and guanidine

hydrochloride denaturation curves. Methods Enzymol. 131:266–280.

37. Lakowicz, J. R. 2001. Principles of Fluorescence Spectroscopy, 2nd ed.
Plenum Press, New York.

38. Montich, G. G. 2000. Partly folded states of bovine carbonic anhydrase

interact with zwitterionic and anionic lipid membranes. Biochim. Bio-
phys. Acta. 1468:115–126.
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