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Thermal unfolding of Pseudomonas cepacia lipase (PCL) was studied by differential
scanning calorimetry (DSC) at pH 7. The peak temperature £, of the DSC trace increased
with increasing concentration of the protein. The DSC traces could be successfully analyzed
on the basis of the following mechanism, assuming the dissociation of a calcium ion upon
denaturation; N Ca?*=—=D+Ca?*, where N and D represent native and denatured states of
PCL, respectively. In the presence of 1-5% alcohols (methanol, ethanol, n-propanol, and
n-butanol), t, decreased with increasing alcohol concentration and longer alkyl chain. In
contrast to the case of t,, the denaturation enthalpy 4h did not depend on the protein
concentration or alcohol concentration used. The change in heat capacity on denaturation,
4dc?, evaluated directly from the DSC traces, was close to zero both in the absence or
presence of alcohol, which could be due to the open conformation of the enzyme exposing a
large hydrophobic surface to the solvent.
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Lipase (EC 3.1.1.3] hydrolyzes triglycerides to produce
free fatty acids and glycerols. This enzyme has industrial
versatility, for example, in the detergent and the food
industries, and is also useful for the synthesis of fine
chemicals of high added value in the pharmaceutical indus-
try (I-5). The activity of the enzyme is increased at a lipid-
water interface, which is called “interfacial activation.”
Lipases are active even in organic solvents, and catalyze a
wide range of esterification and transesterification under
low-water conditions. It is thus interesting to know the
effect of the hydrophobic/hydrophilic character of the
solvent on the structure and stability of the enzyme.

Various kinds of lipases have been isolated from micro-
organisms, and the genes of many lipases, including
Pseudomonas cepacia lipase (6), have been cloned. P.
cepacia lipase (PCL) consists of 320 amino acids with a
molecular weight of 33,100, and its three-dimensional
structure was elucidated recently by four laboratories (7~
9). The enzyme molecule has an “open” conformation with
a deep cleft. The walls of the cleft surrounding the active
site are formed primarily by hydrophobic residues, which
are exposed to the solvent. PCL contains a tightly bound
Ca?* ion, being six-coordinated by GIn292, Val296,
Asp242, Val296, and two water molecules (9).
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In this study, we observed the thermally induced unfold-
ing of PCL using an adiabatic scanning calorimeter (DSC) at
pH 7 in the absence and presence of alcohols with different
alkyl chain length to elucidate the mechanism of the
unfolding reaction and the effect of alcohols.

MATERIALS AND METHODS

Lipase Sample—A lyophilized preparation of purified P.
cepacia lipase was a generous gift from Amano Pharmaceu-
tical. The protein concentration was determined spectro-
photometrically using a molar absorbance ¢ =37,000 at 280
nm (10). (The microorganism used in Ref. 10 referred to as
Pseudomonas fluorescence, is now classified as P. cepacia.)

Calorimetry—The thermal unfolding of the protein was
observed using a DSC instrument, DASM-4 (11). A scan
rate of 1 K min~! was used throughout. Phosphate buffer,
pH 7, at a final concentration of 20 mM was used unless
otherwise mentioned. In all experiments the reference cell
was filled with the corresponding buffer, plus alcohol if
needed, and instrumental base lines were determined with
both cells filled with the buffer. The observed DSC data
were analyzed after subtraction of the instrumental base-
line.

Data Analysis—All the DSC curves were analyzed by a
least-squares curve-fitting method based on the procedures
outlined by Privalov and Khechinashvili (12) and by
Sturtevant (13) with baselines drawn according to the
method of Takahashi and Sturtevant (14). The standard
deviation of the calculated values from the observed data
was expressed as a relative value to the maximal value of
the excess specific heat ¢pay.
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RESULTS

Thermal Unfolding of PCL and Concentration Depen-
dence—Figure 1 shows DSC traces of PCL observed at pH
7 in the absence of alcohols. A single asymmetric endother-
mic peak was obtained over the concentration range used
(29.3-236 ¢ M; 0.97-7.8 mg/ml). After completion of ini-
tial DSC scans, the sample solution was cooled in the
calorimeter cell and immediately rescanned to check the
reversibility of the unfolding reaction, but no endothermic
peak was observed. This irreversibility was expected, since
renaturation of PCL activity, after denaturation with
guanidine-HCI, requires the presence of a molecular chap-
erone (15, 16).

The peak temperature ¢, (in degree Celsius) increased
with increasing concentration of the protein (Fig. 2A),
indicating either a decrease in the degree of oligomerization
of the protein during the unfolding reaction or dissociation
of a bound ligand upon denaturation. The latter seems to be
the case, since PCL exists as a monomer in solution (7) and
PCL contains a calcium ion (see “DISCUSSION”).

The specific enthalpy of the unfolding reaction, 4hc.;, was
evaluated from the area of the DSC curves. In contrast to
the case of £, there was no significant dependence of Jh,,
on the protein concentration (Fig. 2B). Ak, was evaluated
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Fig. 1. DSC traces of the thermal denaturation of Pseudo-

monas cepacia lipase. Protein concentration is shown in the figure.
Observed at a scan rate of 1 K min~! and at pH 7. No alcohol.
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to be 25.6+0.8J-g7' (6.13+0.18 cal-g™!; average and
standard deviation of 6 observations), giving a molar
calorimetric enthalpy AH.., of 849 kJ-mol™' (203 kcal-
mol™!). The values of 4 and Ak, obtained at various
concentrations of the protein are summarized in Table L.

The value of 4c,9, the heat capacity change upon denatur-
ation obtained directly from DSC traces at ¢,, was close to
zero; 0.055+0.075 J-g~:-K~!. The temperature depen-
dencies of the apparent heat capacity, i.e., the slope of the
DSC scan, of the protein in the pre- and the post-dena-
turation regions had small positive values.

pH Dependence—The DSC traces were obtained in the
acidic pH region. At pHs 4.0 (acetate buffer), 3.1 (citrate
buffer), and 2.6 (glycine buffer), £, was approximately 74,
42, and 32°C at the protein concentration of 90, 100, and
150 uM, respectively. There was no essential difference in
t, between pH7 and 4, but ¢ decreased remarkably
between pH 4 and 3. This suggests that protons are taken
up by the protein during denaturation in the lower pH
region, which could be due to the presence in the native
protein of carboxyl groups with low pK values (17). No
DSC trace could be obtained at around pH 3.5 since the
sample precipitated at room temperature.
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Fig. 2. Protein concentration dependence of ¢, (A) and of dh.,,
(B) for the thermal denaturation of PCL.

TABLE I. Thermodynamic parameters for the thermal unfolding of Pseudomonas cepacia lipase in the absence and presence of

alcohols observed at pH 7.0.

Protein conc. No. of Alcohol cone. [ Ahea AHcar b2 Aheg, SD
(M) expts. M) (C) J-g7) (kJ-mol ') (C) gy (%)
29.3-236 6 — 75.8-80.9 25.6+0.8 849+25 75.2-79.8 24.9+0.9 2.3+0.8
98 5 MeOH 0.24-1.12 176.9-74.6 25.3+0.5 83615 75.9-73.6 23.7+0.2 3.6+£0.7
98 5 EtOH 0.17-0.86  76.7-73.9 25.3+0.9 837+30 75.9-72.6 24.0+0.2 2.7+1.6
98 5 PrOH 0.13-0.67  76.9-70.8 23.7+1.8 784 +60 75.7-69.7 22.1+1.2 3.1x1.0
98 2 BuOH 0.11, 0.22 75.6, 74.0 25.0, 22.5 828, 745 73.8,72.3 22.3, 20.7 6.5,4.4

2Evaluated from the area of DSC curves. "Evaluated from the curve fitting.
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Fig. 3. DSC traces of PCL in the presence of alcohols. A-D:
Observed at different concentrations of methanol. E-G: DSC traces in
the presence of ethanol (E), propanol (F), and butanol (G). Protein
concentration was 98.4 4 M (3.26 mg/ml) throughout.

Effect of Alcohols—The thermal unfolding of PCL was
observed at constant concentration of the protein in the
presence of moderate concentration of alcohols (methanol,
ethanol, n-propanol, and n-butanol) to elucidate the effect
of the concentration and the longer hydrophobic alkyl chain
of alcohols. Figure 3, A-D, displays the DSC curves at a
protein concentration at 98.4 uM (3.26 mg/ml) observed in
the presence of 0-1.22 M methanol (MeOH), and Fig. 3, E,
F, and G, shows those obtained in the presence of ethanol
(EtOH, 0.51 M), propanol (PrOH, 0.40 M), and butanol
(BuOH, 0.22 M), respectively. Alcohols decreased the
value of £,, destabilizing PCL, and the degree of destabiliza-
tion increased with increasing length of the alkyl chain as
shown in Fig. 4, where ¢, is plotted against the concentra-
tion of each alcohol. This phenomenon seems reasonable
since, in general, alcohols destabilize proteins by weaken-
ing hydrophobic interactions between nonpolar residues
and by perturbing the characteristic water structure around
the protein molecule (18, 19). On the other hand, alcohols
in the concentration range used do not change the value of
Ahear. In the case of lysozyme, alcohols decreased the value
of de,? and significantly increased the temperature depen-
dence of the apparent heat capacity in the pre- and the
post-denaturation regions (19), but such effects were
inconspicuous in the case of PCL at the alcohol concentra-
tion used (Fig. 3).

At a high concentration of ethanol (9 M), ¢, significantly
decreased to 62°C. Protein concentration dependence of £,
in the presence of alcohol was checked at [MeOH]=1.2 M
and at [EtOH] =0.86 M with [PCL] =250 zM. Compared
with the value obtained at ([PCL] =98 M, ¢, increased by
about 4 degrees.

DISCUSSION
Mechanism of the Thermal Unfolding of PCL—The
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Fig. 4. Dependence of ¢, on alcohol concentration. B, methanol;
O, ethanol; ¥, propanol; and OJ, butanol.

asymmetric feature and concentration dependence of the
DSC trace suggest that the mechanism of the thermal
unfolding of PCL is not a simple two-state unfolding
N<—=D, where N and D denote the native and the denatur-
ed states of the protein. For the simple two-state mecha-
nism, the van’t Hoff enthalpy 4H, can be obtained from
the following equation (13);

AHVH:4RTm2(Cmax/Ahcai) (1)

where R is the gas constant and Ty, is the absolute tempera-
ture at which the excess specific heat reaches its maximal
value cyax. The value of 4H,, thus obtained for the DSC
traces in the absence of alcohols was approximately 590 kJ/
mol, giving the ratio 4H,,/4H..; =0.69, which indicates
again that the unfolding is not a simple two-state process.

As described above, the concentration dependence of ¢,
suggests dissociation of a bound ligand upon denaturation.
Since PCL contains a single calcium ion, we can assume the
following model,

N Ca**<—=D+Ca**. 2

For this type of mechanism, JH,; is given by the
following equation, similar to Eq. 1 (13),

AH,y =5.83RTon*(Cnax/ Abear). 3)

4H,y thus obtained is approximately 850 kJ-mol~!, and
hence the ratio AH,u/4H..;=1.0, indicating the validity of
Eq. 2.

All the DSC data, including those obtained in the pres-
ence of alcohols, were then subjected to numerical analysis
based on the mechanism of Eq. 2. The adjustable parame-
ters are t,, the temperature of half denaturation ([D]/
(N}=1), and Ah.., the specific enthalpy at &,,. The ratio
AH,4/AH,, was fixed at unity. An example of the curve
resolution is shown in Fig. 5. Values of the adjustable
parameters thus obtained are also summarized in Table I.
Aheqy did not depend on the concentration or length of alkyl
chain of the alcohols, and the average values are listed in
the table.
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Fig. 5. An example of curve resolution of a DSC trace of PCL.
Protein concentration; 195 4uM. No alcohol. (----) Observed data;
(---) calculated base line; (—) theoretical DSC curve drawn using
the following values; #,,=75.2°C, 4hca=25.9 J-g~' and AH.u/
AH., =1, In this case, the standard deviation of the calculated from
the observed data relative to the maximal value of the excess specific
heat cuax was 1.4%.

The thermal unfolding of PCL was apparently irrevers-
ible, but, strictly speaking, the curve-fitting procedure used
here is based on the van’t Hoff equation and is valid for
reversible processes. However, it may be argued that the
concentration dependence of ¢, would not be observed if the
denaturation process were truly irreversible, and the DSC
curves were well analyzed by assuming the reversible
process shown in Eq. 2. Similar phenomena have been
observed with other apparently irreversible unfolding of
proteins (20-22). Moreover, it was also shown that at least
some apparently irreversible denaturations accurately
follow predictions expected from equilibrium thermody-
namics. It may thus be reasonable to analyze the DSC
curves based on the van’t Hoff equation as a first approxi-
mation, although the validity of the approximation should
be confirmed. The values of the thermodynamic parame-
ters may be slightly changed if the reaction rate and the
enthalpy change of the irreversible denaturation step that
would follow the equilibrium process (Eq. 2) are taken into
account.

In the presence of alcohols, when AH,,/A4H.., was
allowed to vary, there was a tendency for the ratio to be
somewhat smaller than unity. This may indicate that, in the
presence of alcohols, the unfolding of PCL includes inter-
mediate(s) or there are domains for unfolding in the PCL
molecule, but no experimental evidence to distinguish
these possibilities is available at present.

Effect of Alcohols—The only conspicuous effect of alco-
hols on the thermal denaturation of PCL is to lower the
denaturation temperature. The value of £, decreased more
or less linearly with increasing alcohol concentration at
moderate concentrations of alcohols. This effect increases
with the length of the alkyl chain. The values of the slope of
the ¢, vs. alcohol concentration plot (Fig. 4) are approxi-
mately —2.7, —4.8, —10, and —19°C/M for methanol,
ethanol, propanol, and butanol, respectively. Similar de-
crease in ¢, was observed for the case of lysozyme (19, 23),
cytochrome ¢ (24), ribonuclease A (23, 25-28), pepsin
(29), pepsinogen (30), orosomucoid (31), and luciferase
(32). The effect is interpreted as follows: increased hydro-
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phobicity of the solvent diminishes hydrophobic interac-
tions between nonpolar groups and stabilizes the unfolded
state of a protein. If this is the case, it is expected in general
that the value of Ac¢,? is positive and decreases with
increasing hydrophobicity of the solvent, since a positive
Ae,? value is attributed to increased exposure of hydro-
phobic groups to the solvent resulting from the unfolding
(33). This is true in the case of lysozyme (19). However,
the value of J¢,9 is close to zero in the case of PCL, which
could be due to the open conformation of PCL, exposing a
large hydrophobic surface to the solvent (8, 9). In this
connection, it would be interesting to investigate the effect
of alcohol and to evaluate the J¢,9 value of the unfolding of
lipases from Pseudomonas glumae (PGL) (34) and Chro-
mobacterium viscosum (CVL) (35). Contrary to the case of
PCL, PGL and CVL have closed conformations and the
molecular surface of these lipases is less hydrophobic than
that of PCL, although the amino acid sequence of PCL has
84% identity with those of PGL and CVL, and the struc-
tural topology of PCL is similar to that of PGL and CVL (8,
9).

The author thanks Amano Pharmaceutical Co. and Dr. Kimiyasu
Isobe for the copious supply of Pseudomonas cepacia lipase. Discus-
sion with Dr. Harumi Fukada and the comments of the two reviewers
were very instructive for revising the manuscript. The author is
indebted to Professor J.M. Sturtevant of Yale University for the use
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