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Abstract—Changes in unfolding and enzymatic activity of bovine carbonic anhydrase 11 (BCA II) in different concentrations
of 2,2,2-trifluoroethanol (TFE) were investigated by 1-anilino-8-naphthalenesulfonate (ANS) fluorescence emission spec-
tra, far-UV CD spectra, and enzyme activity. The results showed that the activity and conformation of BCA 1I changed
according to the concentration of TFE. Significant aggregation was observed when BCA 11 was denatured at TFE concen-
trations between 10 and 35% (v/v). When the concentration of TFE exceeded 40%, the aggregation of BCA II was not very
obvious. The activity of BCA II decreased almost to zero as the TFE concentration reached 26%. The ANS fluorescence
spectra indicated the tertiary conformations of BCA II were more stable in solutions with TFE concentrations lower than 15%
(v/v) and higher than 40% (v/v). Far-UV CD spectra showed that high concentrations (higher than 25%) of TFE could
induce BCA II to form more a-helix structures and caused these structures to be in relatively stable states. The native con-
formation of BCA Il being destroyed after its inactivation indicated that the active site of BCA Il is situated in a limited region

and has more flexibility than the whole enzyme molecule.
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Carbonic anhydrase (CA, carbonate hydrolyase, car-
bonate dehydratase, EC 4.2.1.1) is widely distributed in
mammalian tissues and participates in physiological sys-
tems such as respiration, acid—base balance, ion trans-
port, bone resorption, signal transduction, ureagenesis,
gluconeogenesis, and lipogenesis [1-4]. It is a zinc-con-
taining enzyme that catalyzes the reversible hydration of
carbon dioxide with high efficiency: CO, + H,0 <
HCOj3 + H™. There are many isozymes of CA, eleven of
which are known as active types [5, 6]. The enzyme
bovine carbonic anhydrase II is a single-chain enzyme of
259 amino acid residues without any cysteines, and its
molecular weight is 29,097 daltons. It has been a widely
used model protein in the investigation of the protein
folding process [7-9].

One of the most interesting issues in protein folding
is how structures can form in the absence of many of the

Abbreviations: BCA 1I) bovine carbonic anhydrase I1; pNPA) p-
nitrophenyl acetate; TFE) 2,2,2-trifluoroethanol; ANS) 1-
anilino-8-naphthalenesulfonate.

* To whom correspondence should be addressed.

interactions that stabilize a protein’s native state, and the
significance of these structures for the process of folding.
2,2,2-Trifluoroethanol (TFE) has been widely used as a
structure-inducing co-solvent [10, 11]. Numerous inves-
tigations, using peptides and proteins, have established a
strong correlation between TFE-induced structures and
native protein structures [12-14]. TFE solutions have also
been used to study partially folded states and equilibrium
intermediates [15, 16]. TFE—H,O mixtures are known to
stabilize secondary structures, especially o-helixes, and
the state of a protein or peptide that is stabilized by TFE
has been called the TFE state in some studies. The denat-
uration and unfolding process of several proteins in TFE
solutions have been studied previously [17-22].

The main methods to detect changes in proteins and
polypeptides are far-UV CD spectroscopic detection,
thermodynamic parameters, fluorescence spectra,
nuclear magnetic resonance spectroscopy, and site direct-
ed mutagenesis. Here we report some experiments
exploring the kinetic property of the structure and activi-
ty of bovine carbonic anhydrase II (BCA II) in TFE—
buffer solutions.
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MATERIALS AND METHODS

Reagents. Bovine carbonic anhydrase 11 (M, 29,097,
from bovine erythrocytes), p-nitrophenyl acetate (pNPA,
M, 181.1), TFE, I-anilino-8-naphthalenesulfonate
(ANS), and Tris were obtained from Sigma (USA). All
other reagents used were local products of analytical
grade.

Sample preparation and activity measurement. The
enzyme concentrations were determined by measuring
the absorbance at 280 nm and using the absorption coef-
ficient Ay, 1mg/m = 1.83 [7].

BCA II was denatured in solutions containing differ-
ent concentrations of TFE in 50 mM Tris-H,SO, buffer
(pH 7.5) for 12 h. The concentration of TFE was varied
between 0 and 60% (v/v).

A stock solution of pNPA was prepared by dissolving
108.6 mg of pNPA in 3 ml acetone, then adjusting the
volume to 100 ml with deionized water, and the saturated
pNPA solution was obtained after filtration.

The BCA II activity was measured by following the
increasing absorbance at 348 nm accompanying the
hydrolysis of pNPA [23] during 1 min. The kinetics of
activity was continued for 5 min. For the activity meas-
urement, 20 pl of a sample solution was added to 580 pl
substrate solution containing 200 ul of the pNPA stock
solution and 50 mM Tris-H,SO, buffer (pH 7.5), which
was prepared just before measurement. The final concen-
tration of BCA II was 0.1 mg/ml. The increase in
absorbance at 348 nm was continuously measured with a
Perkin Elmer Lambda Bio UV spectrophotometer.

The kinetic analysis of the substrate reaction during
irreversible inhibition of BCA II was studied using the
progress-of-substrate-reaction method previous
described by Tsou [24].

Aggregation during the unfolding course of BCA was
followed by recording the turbidity of the sample mixture
solutions, i.e., the apparent absorbance at 400 nm
in the Perkin Elmer Lambda Bio UV spectrophoto-
meter.

Spectroscopic measurements. The samples were
treated for 12 h in buffers containing different concentra-
tions of TFE. After incubating the enzyme solutions with
0.0667 mg/ml ANS for 30 min, the ANS binding fluores-
cence changes were measured at the excitation wave-
length of 350 nm and the emission wavelength from 400
to 600 nm using an F-2500 fluorescence spectropho-
tometer with 1-cm path-length cuvettes [25-27].

The far-UV CD spectra were recorded on a Jasco
750 spectropolarimeter from 190 to 250 nm with a 1 mm
path-length cell [28].

All reactions and measurements were carried out in
50 mM Tris-H,SO, buffer (pH 7.5) at 25°C. The final
enzyme concentration was 0.1 mg/ml except for the
activity kinetics (0.033 mg/ml) and far-UV CD spectra
(1 mg/ml).
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RESULTS

Aggregation of the unfolding BCA II in TFE solutions
with different concentrations. Slight aggregation occurred
with BCA II in TFE solutions of low concentrations (less
than 20%, v/v). When the TFE concentration reached
25%, significant aggregation was observed until the con-
centration of TFE was increased to 35%. Almost no
aggregation was found during the unfolding of BCA II in
solutions with 40% (or more) TFE (shown in Fig. 1).

The result showed that hydrophobic surface was
exposed during the unfolding of BCA II in TFE solutions
with suitable concentrations (between 20 and 35%, v/v),
since it is generally believed that aggregation occurs when
too much hydrophobic surface is exposed. But higher
concentrations of TFE can disrupt the hydrophobic clus-
ters of BCA 1.

Changes in activity of BCA II in solutions with differ-
ent concentrations of TFE. BCA Il was added to buffers
with 0-60% TFE. The enzymatic activities were measured
after incubation for 12 h (Fig. 2). Figure 2 shows that low
concentrations of TFE (below 10%, v/v) had little influ-
ence on the activity of BCA II; there was even a slight
increase with increasing TFE concentration. But the
BCA 1I activity decreased sharply as TFE concentrations
increased further. BCA II lost almost all of its activity
when the TFE concentration was increased to 26% (v/v).

The kinetics of activity of BCA II is shown in Fig. 3.
Figure 3a shows the temporal variation of the absorbance
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Fig. 1. Aggregation process of BCA 1l in different concentrations
of TFE: BCA 11 was dissolved in 50 mM Tris-H,SO, (pH 7.5) for
the measurement. The final enzyme concentration was
0.1 mg/ml. All the measurements were carried out at 25°C. The
TFE concentrations for curves /-9 were 0, 10, 20, 25, 30, 35, 40,
50, and 60% (v/v), respectively.
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at 348 nm for different TFE concentrations within 5 min,
which reflects the product concentration during substrate
hydrolysis. From these curves, the kinetic course of the
substrate reaction approached a nearly straight line for
each TFE concentration within 5 min. The slope
decreased with the increase in TFE concentration. When
the TFE concentration reached 60% (v/v), the denatured
BCA Il retained very little activity compared to that of the
native enzyme. Figure 3b shows the semilogarithmic plots
of activity versus time, which correspond to the lines in
Fig. 3a. According to Tsou [24], the irreversible substrate
reaction can be written as:

[P, = at + b(1 - ™), )]

where [P], is the concentration of the product formed at
time ¢, and [Y] is the concentration of the inhibitor. The
apparent rate constant for the inactivation reaction is A =
(k oK, + kL[S)/(K,, + [S]), where k., and k}, are the
microscopic rate constants for inhibition of the free
enzyme and for the enzyme—substrate complex, respec-
tively, [S] is the concentration of the substrate, K, is the
Michaelis constant, and a and b are constants. At suffi-
ciently long reaction time, Eq. (1) can be written in the
following form:

[P]calc =at+ b (2)
Combining Egs. (1) and (2) gives:

In([Pleye = [P],) = Inb — A[Y],. 3)
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Fig. 2. BCA II activity. Measurements were taken after the BCA
II was treated for 12 h in TFE solutions of different concentra-
tions at 25°C. The activity of the native state was used as 100%.
The BCA II concentration was 3.0 mg/ml when treated with
TFE, and the final concentration was 0.1 mg/ml. All the meas-
urements were carried out at 25°C.
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Fig. 3. Time courses of substrate hydrolysis in the presence of
TFE. The measurement conditions were as for Fig. 2 except that
the final concentration of enzyme was 0.033 mg/ml. a)
Activation course of BCA II in TFE solutions. TFE concentra-
tions for curves /-6 were 0, 2, 5, 10, 15, and 20% (v/v), respec-
tively. b) In([P].,. — [P],) versus time of BCA II. In([P] .. — [P],)
was calculated as a function of time from the data shown in (a).
TFE concentrations for curves /-5 were 2, 5, 10, 15, and 20%
(v/v), respectively.

Plots of In([P].u. — [Pl,) versus ¢ give a series of
straight lines for different concentration of alcohol, each
with slope of —A[Y]. That means the reaction of BCA I1
and alcohol is a non-complexation reaction but a first-
order reaction [29].
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Conformation changes of BCA II in solutions with dif-
ferent TFE concentrations. The unfolding courses of BCA
IT in the TFE solutions of different concentrations were
followed by changes in fluorescence and the far-UV CD
spectra.

BCA 11 was added to buffers including TFE for 12 h,
and then the ANS binding fluorescence spectra were
measured. The results of ANS fluorescence spectra are
shown in Fig. 4. Increases in the TFE concentration
caused the fluorescence intensity to increase gradually.
The whole curve in Fig. 4 indicates that the molecule was
operative throughout the unfolding process.

Far-UV CD spectra of BCA II were recorded after
BCA II was incubated in buffers with different concentra-
tions of TFE for 12 h (Fig. 5). The molecular average
ellipticity at 222 nm represents the amount of helix in the
protein molecule. According to Fig. 5, no obvious
changes in secondary structure were observed with TFE
solutions below 25% (v/v), while the molecular average
ellipticity, that is the negative value at 222 nm, increased
significantly with increasing concentrations of TFE solu-
tions between 25 and 40%, v/v. When the concentrations
were above 40% (v/v), the molecular average ellipticity at
222 nm remained at a high plateau.
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Fig. 4. ANS binding fluorescence emission spectra of BCA II in
solutions of different TFE concentrations. ANS was added to each
sample after incubation at different TFE concentrations for 12 h.
The reactivation time of BCA II and ANS was 30 min. The final
BCA IT and ANS concentrations were 0.1 and 0.04 mg/ml, respec-
tively. The excitation wavelength was 350 nm. BCA II fluorescence
emission spectra were measured over the wavelength range 400-
600 nm. All the measurements were carried out at 25°C. TFE con-
centrations for curves 7 to 13 were 0, 5, 10, 15, 20, 25, 30, 35, 40,
45, 50, 55, and 60% (v/v), respectively.
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Fig. 5. Far-UV CD spectra of BCA II in solutions of different
TFE concentrations. Measurements were taken after the BCA 11
was treated for 12 h in solutions of different TFE concentrations
at 25°C. The concentrations of TFE for curves /-9 were 0, 10, 20,
30, 35, 40, 50, 55, and 60% (v/v), respectively.

The kinetics of CD spectra at 222 nm were recorded
as soon as BCA 11 samples were added to 5 and 50% (v/v)
TFE solutions, respectively. From the results (not
showed), we found that 6,,, of BCA II in the 5% (v/v)
TFE solution was also very small (staying around —20°),
and it changed little throughout the whole duration.
However, 0,,, of BCA 1I in the 50% (v/v) TFE solution
were larger (reaching nearly —75°) than the former and a
clear change was detected at the beginning of the time
period, especially during the first 20 sec.

DISCUSSION

The relation between structural changes and activity
of enzymes has been extensively investigated in the liter-
ature. In the present study, we mainly focused on the
change in BCA II structure and activity in TFE solu-
tions. Our results showed that the activity and structure
altered significantly with the change in TFE concentra-
tions.

The major effects of TFE on protein structures have
been shown to decrease the strength of hydrophobic
interactions, disrupt water structure, and increase
intramolecular hydrogen bonds [30]. The TFE—water
solution could destroy the tertiary structure of protein
[31-33] and protect its secondary structure. During the
denaturation of BCA II in TFE concentrations between 0
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and 35% (v/v), one possible explanation for the observed
aggregation is that the number of TFE molecules in this
concentration range is not sufficient to disrupt the
hydrophobic core and/or any hydrophobic clusters of the
induced partly unfolded intermediates. At concentrations
greater than 40% (v/v), enough TFE molecules are pres-
ent to prevent intermolecular condensation of the unfold-
ing state. What is more, when TFE concentrations were
above 40% (v/v), BCA 1I underwent significant changes
in the secondary structure and its tertiary structure
changed in a different way from those in the TFE solu-
tions with lower concentrations. It has been suggested
[34] that the hydrogen bonds between alcohol-rich medi-
um and protein became weaker, making the hydrogen
bonds within the polypeptide chain comparatively
stronger. Many studies have also showed that TFE
induces helical conformation in only those parts of pro-
teins that were either helical in the native state or had a
propensity to adopt helical conformations [9, 20, 35].

The conformational changes of protein are more
complex in TFE solution than those in guanidine
hydrochloride or urea. Different proteins undergo three
transitional processes during unfolding in denaturants,
mainly pre-transition (examples of this types include the
B (1-36) fragment of Barnase, disulfide-reduced hen
lysozyme, low pH a-lactalbumin, and cytochrome c),
transition (such as BPTI, ubiquitin, and myoglobin), and
post-transition (such as lysozyme and acylphosphatase)
in TFE solutions [31].

The results of our work show that the helical struc-
ture of BCA II can be induced by TFE with relatively high
concentrations (above 30%, v/v) but not with low con-
centrations. That means 0-30% TFE affected BCA 11
activity by destroying mainly its three-dimensional struc-
ture but not the secondary structure. When the TFE con-
centration changed to between 40 and 55% (v/v), the line
of 0,,, tended to be flat. With the further increase in TFE
concentration, the secondary structure of BCA II
changed further. These results can be proved further by
the results of the kinetic courses of BCA secondary and
tertiary structure changes (data not shown), and they
accord with the “post-transition” model mentioned
above.

The results of the aggregation and activity assays
indicated that medium concentration (between 20 and
30%, v/v) TFE solutions caused both obvious aggregation
and significant loss of activity. Meanwhile, at low and
high concentrations of TFE, no obvious aggregation
occurred. This result resembles the effect of TFE on cre-
atine kinase [36].

Comparing Figs. 2 and 4, the enzyme activity of
BCA II almost disappeared when the TFE concentration
increased to 26% (v/v), while its tertiary structure was
not completely destroyed when the TFE concentration
reached 60% (v/v). This result indicates that the active
site of the enzyme is situated in a limited and flexible
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region of the molecule, and is more flexible than the
whole enzyme molecule. This result is coincident with
the hypothesis of conformational flexibility of enzyme
active sites suggested by Tsou et al. [37, 38]. Another
possible explanation is that the alcohol might preferen-
tially bind to the active site, and therefore the enzyme is
inactivated before the whole molecule is unfolded. Of
course, further studies should be made to test this hypo-
thesis.

Previous research in our laboratory has indicated
that arginine kinase is completely inactivated by only 6%
TFE, whereas BCA 11 preserves its activity at this TFE
concentration. The enhanced stability of BCA Il might
be explained by the fact that it contains Zn?*, which helps
to keep the conformation of the active site in the compact
state required for catalysis [39].

The authors thank Mrs. Xiao-Lan Ding (Tsinghua
University) for her expert technical assistance.
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