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The guanidine hydrochloride-induced denaturation of Pseudomonas cepacia lipase (PCL)
was studied at pH 7 by monitoring the changes in the fluorescence and circular dichroism
of the enzyme. The denaturation was irreversible as a whole, and the addition of Ca’* ions
decreased the velocity of the denaturation. The denaturation process was well explained
consistently by a two-step mechanism, as follows:

Caz+
N-Ca* =Z=D,—~D;
a?t
where N is the native state of PCL, D, an intermediate denatured-state which can be refolded
into the native state, and D¢ the final denatured-state that can not be renatured. Ethanol

(10%) increased the denaturation velocity by decreasing the refolding step, D, +Ca**—N-
Ca?*, which would be caused by the stabilization of D, by ethanol.
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unfolding.

Lipase (EC 3.1.1.3] catalyzes the hydrolysis of triglycer-
ides to produce free fatty acids and glycerols. This enzyme
is widely used in the food and detergent industries, and is
also useful for the synthesis of fine chemicals of high added
value in the pharmaceutical industry (I-5). Lipases are
even active in organic solvents, and catalyze a wide range of
esterification and transesterification reactions under low-
water conditions.

Pseudomonas cepacia lipase (PCL) is a representative
microbial lipase, which consists of 320 amino acids, includ-
ing three tryptophan residues (Trp30, Trp209, and Trp-
284), with a molecular weight of 33,210 (6). The detailed
three-dimensional structure of PCL has been elucidated at
2 A resolution (7-9). PCL contains a tightly bound Ca?*
ion, which is six-coordinated by Asp242, Asp288, GIn292,
Val296, and two water molecules (9).

In the preceding study involving adiabatic differential
scanning calorimetry (DSC) (10), it was shown that the
thermal denaturation of PCL is well explained by the
following two-state scheme with dissociation of the bound
Ca®* ion upon denaturation;

N.Ca** —=D+Ca?* (1)

where N and D are the native and denatured states of PCL,
respectively. The denaturation step itself i3 considered to
be essentially reversible, but when the PCL solution was
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reheated, after the initial scan, no endothermic peak was
observed, which suggests that the denaturation might be an
irreversible process. A DSC study also showed that alco-
hols, such as methanol and ethanol, decreased the denatura-
tion temperature of PCL with both increasing alcohol
concentration and length of the alkyl chain.

In this study, we aimed to elucidate the guanidine
hydrochloride-induced denaturation process of PCL by
monitoring the fluorescence and circular dichroism (CD) of
PCL. The effects of alcohols on the denaturation were also
examined to characterize the denaturation process. It is
expected that the detailed characterization of the denatura-
tion process of PCL will enable us to improve the stability
of the enzyme and thus increase its application.

MATERIALS AND METHODS

The lyophilized preparation of purified P. cepacia lipase
was a generous gift from Amano Pharmaceutical (Nagoya).
Protein concentrations were determined spectrophoto-
metrically using a molar absorbance of £ =37,000 at 280
nm (11). Calcium chloride, guanidine hydrochloride (Gu-
HC), piperazine-1,4-bis(2-ethanesulfonic acid) (PIPES),
and ethanol were obtained from Wako Pure Chemical In-
dustries (Osaka).

Fluorescence spectra were obtained with a fluorescence
spectrophotometer, Hitachi 650-60, with an excitation
wavelength, A.,, of 280 nm, unless otherwise stated. The
protein concentration was fixed at 0.27 uM. The time
course of the denaturation of PCL by GuHCI (2.8 M) was
observed in the absence and presence of Ca?* by monitoring
the decrease in the protein fluorescence intensity at 332 nm
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in 20 mM PIPES buffer, pH 7, 34°C. Possible renaturation
of the denatured PLC was examined by diluting the PCL
solution containing 2.8 M GuHCl ten times, the fluores-
cence intensity being compared before and after the
dilution with correction of the dilution factor.

CD spectra were obtained with a spectropolarimeter,
Jasco J-720M, using a quartz cell with a 1 mm-light path
and 13.5 uM PCL.

The buffers used were PIPES (pH 7), phosphate (pH
6, 7), acetate (pH 4-4.5), citrate (pH 2.6-3.6), and glycine
(pH 2-3), the concentration being 20 mM. HCI (0.1 N) was
used as the pH 1 solution. Except in acid-induced denatura-
tion experiments, the fluorescence and CD spectra of PCL
were observed at pH 7.

To remove the bound Ca?* ion from the enzyme molecule,
the PCL solution (approximately 50 4 M) was kept with 10
mM EDTA for an hour at pH 7, and then dialyzed several
times against 20 mM PIPES buffer without EDTA.

RESULTS AND DISCUSSION

Acid Denaturation of PCL—The fluorescence spectrum
of the native PCL (Fig. 1A) has a peak at 332-333 nm with
both 1., =280 and 295 nm, which suggests that tryptophan
residues are shielded from a solvent in the native state, as
is expected from the three-dimensional structure of PCL
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Fig. 1. Acid and guanidine hydrochloride-induced denatura-
tion of PCL observed as to fluorescence (A) and CD (B). The
concentrations used were 0.17 (A) and 13.5 4M (B). Observed at
25°C. Solid lines are fluorescence/CD spectra observed at various pHs
in the absence of guanidine hydrochloride, and dashed lines those
observed at pH 7 in the presence of the denaturant.
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(8, 9). The fluorescence intensity decreased with decreas-
ing pH (solid lines in Fig. 1A). Around pH 1-2.6, the fluo-
rescence intensity was approximately 40% of that observed
at pH 7. In the acidic region, the fluorescence peak slightly
shifted to the longer wavelength side by 2-3 nm. The
dependence of the fluorescence intensity at 332 nm on pH is
shown in Fig. 2A.

The magnitude of the ellipticity (8] at 222 nm of the CD
spectrum of PCL decreased with decreasing pH, as shown
in Fig. 1B (solid lines), and percent values of { 4] relative to
that observed at pH 7 were plotted against pH (Fig. 2B).
The pH-profiles of the fluorescence intensity and ellipticity
were almost the same, and it has been shown that PCL is
stable at >pH 4 but is denatured at <pH 2.5.

GuHC!I-Induced Denaturation of PCL—Fluorescence
and CD spectra of PCL were obtained in the presence of
various concentrations of GuHC] at pH 7 (cf. dashed lines in
Fig. 1, A and B). Figure 3 shows the degree of GuHCl-in-
duced denaturation observed as the fluorescence intensity
at 332 nm and as the CD signal at 222 nm at 25°C. These
data were obtained after keeping the PCL solution with
GuHCI at pH7 for approximately 1h and for 1 day,
respectively, at 25°C. One hour after the addition of
GuHCIl, PCL was stable up to 1-2 M GuHCI, but was de-
natured above 3 M GuHCL. It can be seen that there is a
slow denaturation process in the presence of 1-3 M GuHCIl.
When PCL solutions were diluted ten times with the buffer
after being kept with 2.8 M GuHCl for 0.5-5h in the
absence and presence of Ca?** (50 uM), no prominent
recovery of the fluorescence intensity was observed, sug-
gesting that the denaturation is irreversible as a whole.?

The maximum degrees of the changes in the fluorescence
intensity at 332 nm and the ellipticity at 222 nm caused by
GuHCl, approximately 80% for both (Figs. 1 and 3), were
larger than those on acid denaturation, 50-60% (Figs. 1 and
2). The fluorescence spectrum with the higher GuHCI
concentration exhibits a peak at around 355 nm (dashed
line in Fig. 1A), which is almost the same as that of free
tryptophan. This suggests that the acid-induced denatured
state of PCL retains the partially folded structures compar-
ed with the GuHCl-induced one.

It should be noted that, between 1-3 M GuHCI, the
degree of denaturation observed as to the fluorescence was
greater than that observed as to CD (Fig. 3). For example,
1 day after the addition of 2 M GuHCl, approximately 80%
of the PCL was denatured judging from the fluorescence
intensity, but only 35% judging from the CD signal. This
difference might be due to that these two probes reflect
different states of denaturation of PCL or that the denatur-
ation velocity might be different due to the difference in the
protein concentrations used for the observations.

Effect of the Ca** Ion—To examine the effect of bound
Ca?*, the molar ellipticity of PLC after removal of the
bound Ca?* by EDTA-treatment was observed in the
presence of various concentrations of GuHCI (Fig. 3B). It

*The fluorescence intensity of the diluted PCL solution was not
stable. When PCL solutions kept with 2.8 M GuHCl for 0.5-5 h were
diluted, 1-20% of the fluorescence intensity was apparently recovered
right after the dilution, and then it decreased again. The final
fluorescence intensity observed a few hours after the dilution was
almost the same as that right before the dilution. This might suggest
that the denaturation mechanism expressed as Eq. 2 is not sufficient
to describe the whole event.
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can be seen that PCL was destabilized on the removal of
Ca?*.

In the presence of 1 mM CaCl,, on the other hand, PCL
was stable up to 2.5 M GuHCI even at 37°C, judging from
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Fig. 2. Degree of acid-induced denaturation of PCL. (A) Rela-
tive fluorescence intensity values at 332 nm. (B) Relative ellipticity
values at 222 nm. Observed at 25°C.
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Fig. 3. Degree of GuHCl-induced denaturation of PCL. (A)
Relative fluorescence intensity values at 332 nm observed approxi-
mately 1h (@) and 1 day (C) after the addition of GuHCI. Observed
at 256°C, pH 7. (B) Relative ellipticity values at 222 nm observed 1 h
(@) and 1 day (C) after the addition of GuHCI. Crosses (X ) indicate
those observed after EDTA-treatment (see the text). Observed at
25°C, pH 7.
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the fluorescence intensity observed 1 h after the addition of
GuHC]l. No fluorescence intensity change was seen on the
addition of 1 mM CaCl..

Denaturation Kinetics—The time-course of the denatur-
ation of PCL by 2.8 M GuHCl was monitored as the
decrease in the protein fluorescence in the presence of
various concentrations of CaCl, (Fig. 4A) at 34°C. At each
Ca?* concentration, the semilogarithmic plot obtained was
not linear, which suggests that the denaturation reaction
might be at least biphasic. An increased concentration of
Ca’* decreased the apparent rate of denaturation. Although
the denaturation of PCL is irreversible, this effect of Ca**
implies that the denaturation is not a simple one-step
irreversible process such as N+Ca?**—D+Ca?*, for which
the addition of Ca?* cannot slow the reaction velocity, but
includes an equilibrium step, as was suggested by a DSC
study (10).

One of the minimum mechanisms that can explain the
whole denaturation of PCL is as follows:

N-Ca** 2222 D, 4 Ca®* (2)

v, My
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Fig. 4. Time-courses of 2.8 M GuHCl-induced denaturation of
PCL in the presence of various concentrations of Ca?*. Observed
using the fluorescence intensity at 332 nm as a probe in the presence
of no alcohol (A) and 10% ethanol (B). Symbols, B and @, are the same
in the two figures. Observed at pH 7, 34°C. The solid lines were drawn
according to Eqs. 3-8 using k.,, k,, and k values of 0.226 min~',
0.368 4M~'-min~!, and 2.57 min~' (A), and 0.193 min-!, 0.0439
p#M~'-min~!, and 2.35 min~' (B), respectively, with the [Ca?*] values
indicated in the figures.
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where D, is a denatured state of PCL that can be refolded
to the native state, and Df is the final and irreversibly
denatured state of PCL; v,,, v_,, and v, are the reaction
velocities, and k., k,, and k_, are the rate constants for the
steps indicated. Hereafter, we will refer to the first forward
step (N-Ca®**—D,+ Ca?*), the reverse step, and the second
step (D,—Dg) as k,,-step, k_,-step, and k,-step, respective-
ly, for simplicity.

In the presence of a excess amount of Ca?* ions, the
k_,-step (D, +Ca?*—>N-Ca’*) can be regarded as a pseudo-
first order reaction, and the concentration of N-Ca?* at time
t is given as follows:

[N-Ca™]=(1,*—2,*)"'[(1—2;*)exp(—A4,*t*)

+(4,*—1)exp(—4,*¢t*)] X [PCL],  (3)

where
Lt =1+ (ky)app” +R°

+\/(1+(k—1)app‘+k2‘)2_4kfzt ]/2 (4)
"= [1+(k-l)npp.+k2‘

V(A H (ko )epp* + B ") — 4k " ]/2 (5)
t*="kht (6)
k*=k/ki, (7)

and
(k-1)app* = k-1 [Ca®* Jo/ k1. (8)

It is assumed that {N-Ca®**] at {=0 is the same as the
initial (total) concentration of PCL, {PCL],. The k,,, k,,
and &, values were calculated by means of a least squares
procedure to minimize the sum of the deviation of the
observed fluorescence data from the calculated ones. The
ki1, ki, and k, values thus obtained were 0.226 min~!,
0.368 uM~'-min~!, and 2.57 min~!, respectively. The solid
lines in Fig. 4A are the theoretical curves drawn according
to Eqs. 3-8 using the values described above and the
corresponding concentrations of Ca?*. Agreement between
the experimental and theoretical values is satisfactory for
the first approximation. Apparent stabilization of the
native PCL on the addition of Ca** is thus explained by the
increased velocity of the renaturation (k.,)-step, v.,=
k-, (D] (Ca?**]. In other words, this stabilization effect of
excess Ca’* is a result of Le Chatelier’s Law, not intrinsic
stabilization of the PCL molecule itself.

The difference in the degree of denaturation between that
observed as to the fluorescence and that as to CD (Fig. 3)
may be explained similarly as follows: The PCL concentra-
tion used for the fluorescence observation was 0.27 4uM and
that for CD was 13.5 xM. When the concentration of PCL
increases, the equilibrium, N-:Ca?*——D,+Ca?*, shifts
remarkably to the native state side because v,, increases
proportionally with increasing concentration of PCL (v,,=
k.1 [N-Ca?*]), but v_, increases by the second power (v_, =
k_,[D,](Ca?*]), resulting in a slower rate of denaturation.

No detectable renaturation was seen on dilution with 2.8
M GuHCI ten times, as described above, which suggests
that the concentration of the intermediate molecule, D), is
negligibly low during the denaturation reaction. This is
consistent with the concentration of D, calculated with the
following equation:

(D] =(A;*—2.*)"'[exp(—A,*¢t*)

—exp(—4,*¢*)] X [PCL], (9)

and the values of the rate parameters. The {D;}/[PCL],

Vol. 126, No. 2, 1999

385

value thus calculated is small; the maximum [D,]/(PCL],
value is seen at around ¢{=1 min, and is 5% at [Ca’*]=5
#M and 1% at 200 M.

The activation Gibbs energy, 4G*, of each step in Eq. 2
can be obtained with the following equation:

AG*=RTn(ks T/ kh) (10)

where R, T, ks, k, and h are the gas constant, absolute
temperature, Boltzmann’s constant, rate constant, and
Planck’s constant, respectively. The 4G* values of the
k..-step and k,-step were calculated to be 90 and 83 kJ-
mol™', and those for the k_,-step in the presence of 5 and
200 M Ca’* to be 84 and 75 kJ-mol~!, respectively. Thus,
the D,-state was destabilized by 9 kJ-mol~' by an increase
in the concentration of Ca** from 5 to 200 uM (Fig. 5).
Hobson et al. reported (12, 13) that a molecular chaper-
one, Lim, is required to obtain active PCL when it is
produced in Escherichia coli, although Lim is not required
for transcription or translation of the PCL gene. When PCL
i8 denatured with 8 M urea, it can be renatured to yield
active PCL only when Lim is present during the renatura-
tion, that is, dialysis against decreasing concentrations of
urea. These facts suggest that Lim is essential for the
renaturation of PCL from the denatured state, even though
guanidine hydrochloride or urea is removed. If we assume
that the process of renaturation is the reverse of that of
denaturation, Dy —»D,—N-Ca?* or similar, Lim may act on
the D¢ — D, process, not on the second reversible process, to
yield the intermediate-state molecule, D,, that can bind
Ca’* and is ready to fold into the active state, N-Ca’*.
Effects of Alcohols on the Rate of Denaturation—DSC
studies have shown that alcohols decrease the denaturation
temperature for the thermal denaturation of PCL. We
observed the effect of ethanol on GuHCl-induced denatura-
tion. Figure 4B shows the time courses of denaturation of
PCL at 34°C observed as the fluorescence intensity change
in the presence of 2.8 M GuHCI, 10% (v/v) ethanol, and
various concentrations of Ca?*. The k,,, k_,, and k; values
were determined by the same procedure as described above
by assuming a two-step denaturation mechanism (Eq. 2),

——
| e—tn,
——

—_—
s

Gibbs - T T
free energy L -j 200uM Ca™
| ; B  2004M Ca™ + 10% ethanol
' —— 5uM Ca”’
2+
NCa D

Fig. 5. Schematic energy diagram of the process of GuHCl-in-
duced denaturation of PCL. The intermediate, D,, is destabilized by
9 kJ-mol~' with the increase in the concentration of Ca** from 5 to
200 uM, as indicated by the upward arrow. Ethanol (10%) in the
presence of 200 M Ca?* stabilizes D; by 5 kJ-mol™' (downward
arrow).
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and were found to be 0.193 min~!, 0.0439 4z M~'emin~', and
2.35 min~!, respectively. The solid lines in Fig. 4B are the
theoretical curves drawn using these values. There is no
essential difference in the k,, and &, values between those
obtained in the absence and presence of ethanol, but &,
decreased remarkably on the addition of ethanol, which
implies that the D,-state is stabilized by ethanol. The 4G*
values for the k,,-step and k;-step are 90 and 84 kJ-mol ™!,
and that for the k_,-step, in the presence of 200 uM Ca**
for example, is 80 kJ-mol~'. Ethanol (10%) thus stabilizes
the D,-state by about 5 kJ-mol~! (Fig. 5). This effect can be
explained as follows: The inner hydrophobic residues of the
native PCL are exposed to the solvent in the initial step of
denaturation into the D,-state, which is stabilized by the
increased hydrophobicity of the solvent on the addition of
ethanol.

In conclusion, the native PCL is denatured into the final
state, D¢, viag the intermediate state, D,. The apparent
stabilization effect of the addition of Ca’* is caused by the
destabilization of D,. On the other hand, 10% ethanol is
considered to destabilize PCL by stabilizing D,.
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