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Abstract

We have previously reported that a chimeric pyrroloquinoline quinone
(PQQ) glucose dehydrogenase (GDH), E97A3, which was made up of 97% of
Escherichia coli PQQGDH sequence and 3% of Acinetobacter calcoaceticus
PQQGDH, showed increased thermal stability compared with both parental
enzymes. Site-directed mutagenesis studies were carried out in order to
investigate the role of amino-acid substitution at the C-terminal region,
Ser771, of a chimeric PQQGDHs on their thermal stability. A series of Ser771
substitutions of a chimeric PQQGDH, E99A1, confirmed that hydrophobic
interaction governs the thermal stability of the chimeric enzymes. Compari-
son of the thermal denaturation of E. coli PQQGDH and E97A3 followed by
far-ultraviolet (UV) circular dichroism (CD) spectroscopy revealed that
E97A3 acquired stability at the first step of denaturation, which is reversible,
and where no significant secondary structure change was observed. These
results suggested that the interaction between C-terminal and N-terminal
regions may play a crucial role in maintaining the overall structure of β-propel-
ler proteins.

Index Entries: PQQ glucose dehydrogenase; β-propeller protein; site-
directed mutagenesis; CD spectroscopy; denaturation pathway.

Introduction

Many Gram-negative bacteria possess membrane-bound pyrrolo-
quinoline quinone (PQQ) glucose dehydrogenase (GDH), which catalyze
the oxidation of glucose into glucono-δ-lactone in the periplasm (1). This
enzyme is monomer with molecular weight of approx 87 kDa. Amino-acid
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sequence analysis showed that PQQGDH is composed of two regions, a
hydrophobic N-terminal region, thought to be important in anchoring the
enzyme at inner-membrane, and a hydrophilic C-terminal region (2). C-ter-
minal region of PQQGDH has been predicted to fold into β-propeller struc-
ture (3). β-propeller structure is composed of several sheets, which are
formed by four anti-parallel β-strands called W-motif, arranged circularly
like the blades of a propeller (4). In all known β-propeller proteins, N-termi-
nal and C-terminal are “joined” together either by hydrogen bonds, form-
ing a sheet in the last W-motif of β-propeller structure with six to eight
W-motif (5–8), or by a disulfide bond, in the case of a β-propeller with four
W-motif (9).

PQQGDH has been attracted as a component of glucose sensor because
it has high catalytic activity toward glucose and is not susceptible to oxygen
interference like glucose oxidase, which is widely used in glucose sensors.
We have been working on the protein engineering of PQQGDH in an
attempt to improve enzymatic properties of the enzyme towards its appli-
cation (10–13). One of the approach is by constructing chimeric PQQGDHs
by homologous recombination of Escherichia coli and Acinetobacter calco-
aceticus PQQGDH structural genes, which differ in enzymatic properties.
Among the chimeric PQQGDHs constructed, we found that one such chi-
mera, E97A3, which is made up of a 97% E. coli PQQGDH sequence and a
3% A. calcoaceticus PQQGDH sequence, showed exceptional stability dur-
ing purification and storage. E97A3 showed a more than 12-fold increase in
half-life at 40°C compared with E. coli PQQGDH (14). E97A3 has only three
amino-acid substitutions (S771M, I786L, D794N) and one residue deletion
(V801) compared with E. coli PQQGDH, all located in the last W-motif. On
the other hand, another chimeric enzyme, E99A1, which has similar
sequence with E97A3, except for having parental residue S771, showed
reduced stability compared to E. coli PQQGDH. Thus, S771M mutation in
E97A3 was suggested to be responsible for thermostability of the enzyme.

In order to investigate the strategy for thermostabilization of chimeric
PQQGDH, site-directed mutagenesis at residue 771 was conducted and
far-UV circular dichroism (CD) spectroscopy was employed to analyze the
result from structural view. The denaturation pathway is also proposed.

Materials and Methods

Sample Preparation

Recombinant E. coli PQQGDH, chimera, and its mutants were
expressed in E. coli PP2418 and purified as reported previously (10,15).

Site-Directed Mutagenesis

Site-directed mutagenesis of PQQGDH was carried out using a plas-
mid vector pKF18k (Takara, Japan). AvaI–HindIII fragment of PQQGDH
structural gene (EcI) was subcloned into pKF18k. This plasmid was ther-
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mally denatured to produce salmon-sperm (ss)DNA. The oligonucleotide
primers used for mutagenesis at E99A1 S771M are shown in Fig. 1. Accord-
ing to the method of Hashimoto-Gotoh et al., plasmids harboring muta-
tions were selected (16). Mutation was then confirmed by automated DNA
sequencer (Shimadzu, Kyoto, Japan). The AvaI–HindIII fragments were
obtained and ligated with E99A1 digested by AvaI–HindIII, to construct an
expression vector containing PQQGDH E99A1 mutants.

Thermal Inactivation

Thermal inactivation was measured by incubating enzyme solution in
10 mM potassium phosphate buffer, pH 7.0, containing 0.2% Triton X-100
at each temperature for a defined period. Samples were then stored at 4°C
for 1 min. The residual enzyme activity was determined after holo-enzyme
formation in 10 mM potassium phosphate buffer, pH 7.0, containing
0.2% Triton X-100, 10 mM MgCl2 and 5 µM PQQ for 1 h at 25°C. All enzyme
assays were performed at room temperature. The first order rate constant,
k, and half-life time of thermal inactivation (t1/2) of irreversible thermal
inactivation were obtained by linear regression in semilogarithmic coordi-
nates at each temperature.

CD Spectroscopy

CD experiments were conducted using a J-720 spectropolarimeter
(JASCO, Tokyo, Japan) with a Peltier type cell-holder, model PTC-343
(JASCO), which permits accurate temperature control. CD measurements
were performed using 0.1-cm rectangular synthetic quartz cell with Teflon
stopper, model S11-SQ-1 (GL Sciences, Tokyo, Japan). Protein concentra-
tions were 200 µg/mL. CD temperature scans were performed by varying

Fig. 1. Oligonucleotide primers used for site-directed mutagenesis of E99A1 at S771.
These oligonucleotides are complementary to nucleotides 2298–2327 of E99A1. Altered
codons are bolded.
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the temperature from 25–95°C in a temperature slope of 50°C/h, and the
ellipticity were measured at 197 nm with 0.2°C resolution, 4 s response
time, and 1.0 nm bandwidth. The resulting curves were substracted with
the data from buffer scan and then smoothed. CD wavelength scans were
performed during the temperature scans using temperature-wavelength
scan function of the incorporated JASCO software. CD spectra were mea-
sured from 260–190 nm with 0.2-nm intervals at the rate of 100 nm/min.
A response time for each point was 2 s and the band width was 2.0 nm.

Secondary structure contents were predicted from each CD spectra
using Convex Constraint Analysis (CCA) algorithm, which operates only
on a collection of spectral data to extract the common spectral components
with their spectral weights (17). A collection of 30 membrane proteins CD
spectra were used as reference of the deconvolution to distinguish
transmembrane helix and peripheral helix (18).

Results and Discussion

Role of Residue 771 in Thermal Stability

As reported previously, E97A3 showed up to 12-fold increased ther-
mal stability, whereas E99A1 showed reduced thermal stability compared
to E. coli PQQGDH (14). Both chimeric enzymes have the same amino-acid
sequence except for residue 771, which is methionine in E97A3 and serine
in E99A1, as in the native E. coli PQQGDH. To test the possibility that
mutation at residue 771 alone may greatly enhance thermal stability of
PQQGDH, this residue in E. coli PQQGDH was substituted from serine to
methionine (S771M). Thermal inactivation curve of E. coli PQQGDH S771M
was compared with native E. coli PQQGDH, E97A3, and E99A1 (Fig. 2). In
contrast to what was expected, thermal stability of E. coli PQQGDH S771M
was in the same level with E. coli PQQGDH. Thus, point mutation at residue
771 alone could not increased the stability of E. coli PQQGDH and the effect
of mutation at residue 771 is suggested to be specific to E99A1. To check this
suggestion, residue 771 of E99A1 was substituted to several amino acids;
hydrophobic amino acids, charged amino acids, and hydrophilic amino
acids. Some of the typical results are shown in Fig. 3. Amino-acid substitu-
tions at residue 771 of E99A1 resulted in a significant change of thermosta-
bility. E99A1 S771R was the most thermolabile mutant. Among the mutants
obtained, E99A1 S771M, which has the same sequence with E97A3, acquired
the highest thermostability in the same level with E97A3. These confirmed
the effect of S771 mutation to thermostability is specific to E99A1.

All mutants constructed in this study were subjected to thermal inac-
tivation at 40°C. Then their residual activities were measured. First-order
rate constant and half-life time of thermal inactivation of all mutants are
shown in Table 1. All charged and hydrophilic amino-acids mutations
resulted in decreased half-life of the mutants indicating that neither ionic
interaction nor hydrophilic residue is favorable. In contrast, except for leu-
cine, amino acids with hydrophobicity greater than serine resulted in
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increased half-life of thermal inactivation compared with E99A1 S771,
indicating that hydrophobic interaction is responsible for the stability.
Among the hydrophobic amino-acid mutations, S771M is the most

Fig. 2. Thermal inactivation of E. coli PQQGDH S771M compared with native E. coli
and chimeric PQQGDHs. Residual activity of the apo-enzymes after 10-min incuba-
tion at each temperature were measured as described in Materials and Methods sec-
tion. (�), E97A3; (�), E99A1; (�), E. coli PQQGDH; (�), E coli PQQGDH S771M.

Fig. 3. Thermal inactivation of E99A1 S771 mutants. Residual activity of the apo-
enzymes after 10-min incubation at each temperature were measured as described in
Materials and Methods section. (�), E99A1 S771R; (�), E99A1 S771L; (�), E99A1;
(�), E99A1 S771F; (�), E99A S771M.
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thermostabile, whereas S771L showed less stability compared to S771. This
might be a result of steric hindrance of the hydrophobic pocket, in which
methionine fits well but can not accommodate leucine’s bulky side-chain,
yielding an unfavorable interaction.

Thermal Denaturation Pathway of PQQGDH

In order to analyze the structural stability of PQQGDH, thermal dena-
turation was carried out, followed by far-UV CD spectroscopy, which
reflects the secondary structure of protein. E. coli PQQGDH was subjected
to thermal denaturation by increasing the temperature gradually at a rate
of 50°C/h and monitoring the ellipticity at 197 nm where largest ellipticity
change was observed in the measurable wavelength. As shown in Fig. 4,
PQQGDH showed three-step denaturation, from 30–40°C, 60–70°C, and
75–85°C. To analyze the conformation of PQQGDH at each denaturation
step, CD spectra at 25, 50, 70, and 95°C were measured and the correspond-
ing secondary structure contents were predicted. In order to distinguish
transmembrane helix and peripheral helix, a CD spectrum analysis algo-
rithm, CCA, which operates only on a collection of spectral data to extract
the common spectral components with their spectral weights, was
employed with a set of membrane proteins with CD spectra as reference
(18). As shown in Table 2, there is no difference in the content of transmem-
brane helix, which is consistent with the observation that the transmem-
brane helix commonly has high stability (19). On the other hand, there is a
remarkable change in the β-sheet content, which constitutes the majority of
C-terminal region predicted to fold into β-propeller structure (Table 2).
Although in the first step of denaturation from 30–40°C, large ellipticity

Table 1
First-Order Rate Constant and Half-Life Time

for Inactivation of E99A1 S771 Mutants at 40°C

k(/s) t1/2 (min)

E. coli PQQGDHa 8.25 × 10–4 14.00
S771Ma 1.25 × 10–3 9.24
E99A1S771Mb 1.72 × 10–4 67.30
E99A1S771Ya 6.35 × 10–4 18.20
E99A1S771Fa 9.98 × 10–3 11.60
E99A1S771Ta 1.15 × 10–3 10.40
E99A1 (Ser771)c 2.01 × 10–3 5.74
E99A1S771Ec 3.28 × 10–3 3.53
E99A1S771Lc 3.27 × 10–3 3.52
E99A1S771Qc 4.86 × 10–3 2.38
E99A1S771Pc 8.06 × 10–3 1.43
E99A1S771Rc 1.26 × 10–2 0.92

Residual activity of the apo-enzymes were measured after
incubation of: a2 min; b5 min, and c1 min.
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Table 2
Secondary Structure Content of E97A3

at Each Temperature During Thermal Denaturation

Temperature Tm-helix Helix Sheet Turn Random

25°C 17.5 4.0 35.2   7.0 36.3
50°C 17.2 3.3 33.4   8.1 38.0
70°C 17.4 2.8 22.8 14.2 42.8
90°C 17.0 1.2 11.5 20.6 49.7

Fig. 4. Thermal denaturation of E. coli PQQGDH and E97A3. Thermal denaturations
were followed by CD spectroscopy at 197 nm with protein concentration of 200 µg/mL,
and cell pathlength of 0.1 cm. (—), E. coli PQQGDH; (––), E97A3.

changes were observed, indicating large conformational changes had
occurred (Fig. 4), the secondary structures were only slightly altered, as
shown by deconvolution of spectra obtained at 50°C (Table 2). After that,
as shown by deconvolution of spectra obtained at 70 and 90°C, β-sheet
content was gradually decreased, followed by increase in the content of
random conformation (Table 2). Upon decreasing the temperature slowly
from each temperature of the denaturation step, ellipticity after the first
denaturation was restored to its initial value (data not shown). This suggest
that the first denaturation is a completely reversible process. On the other
hand, the second and third denaturation steps were not reversible.

To compare the thermal denaturation of E. coli PQQGDH and thermo-
stable E97A3, a similar experiment was performed with E97A3. As shown
in Fig. 4, E97A3 showed a similar denaturation curve. However, the first
denaturation step of E97A3 was shifted to a higher temperature, indicating
the E97A3 obtained stability at the first denaturation step. As in PQQGDH,
the first step of denaturation of E97A3 is a reversible process, whereas the
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other two steps are not (data not shown). The first thermal denaturation
step of E. coli PQQGDH and E97A3 between 30–45°C observed by CD (Fig. 4)
indicates that a large conformation change occurred, but without remark-
able secondary structure change as shown by deconvolution of CD spectra
obtained at 25 and 50°C (Table 2), suggesting the formation of intermediate
species. This intermediate species might be formed by the dissociation of
interaction between N-terminal and C-terminal of β-propeller structure
(Fig. 5). This suggestion is supported by the fact that E97A3, which differ
in the C-terminal, acquired thermal stability in the first step of denaturation
compared to PQQGDH. The next denaturation step is gradual denatur-
ation of β-sheets of the β-propeller structure, as indicated by the decreased
of β-sheet contents (Table 2).

C-terminal region of PQQGDH has been predicted to fold into a β-propel-
ler structure, which consists of a PQQ binding site required for activity (3).
As shown in the site-directed mutagenesis study of E99A1 S771, increasing
interaction between N-terminal and C-terminal of β-propeller domain is
responsible for the improved stability. Thermal denaturation analyzed by
CD spectroscopy analysis suggests that this interaction is crucial to main-
taining the overall structure of β-propeller. Thus, improvement of the sta-
bility of PQQGDH might be achieved by enhancing the interaction between
its N-terminal and C-terminal of β-propeller domain. Because, all β-propel-
ler proteins known to date show this similar feature, this strategy might be
applied to all β-propeller proteins.
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