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Abstract A novel pyrroloquinoline quinone dependent
glucose dehydrogenase like enzyme (PQQ GDH) was iso-
lated from Sorangium cellulosum So ce56. The putative
coding region was cloned, over expressed in E. coli and the
resulting enzyme was characterized. The recombinant pro-
tein has a relative molecular mass of 63 kDa and shows 43%
homology to PQQ GDH-B from Acinetobacter calcoaceti-
cus. In the presence of PQQ and CaCl, the enzyme has
dehydrogenase activity with the substrate glucose as well as
with other mono- and disaccharides. The thermal stability
and its pH activity profile mark the enzyme as a potential
glucose biosensor enzyme. In order to decrease the activity
on maltose, which is unwanted for a potential application in
biosensors, the protein was rationally modified at three
specified positions. The best variant showed a 59% reduc-
tion in activity on maltose compared to the wild type
enzyme. The catalytic efficiency (k../Kn) was reduced
fivefold but the specific activity still amounted to 63% of the
wild type activity.
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Introduction

Several enzymes have been used in glucose biosensors for
the determination of glucose levels especially in blood
samples from patients diagnosed with diabetes. Glucose
oxidase (GOD) was used initially, followed by pyrrolo-
quinoline quinone dependent glucose dehydrogenase B of
Acinetobacter calcoaceticus (PQQ GDH-BAca) [1-3].
Although the usage of new enzymes, namely the FAD
dependent glucose dehydrogenase from Aspergillus terre-
us, for this type of application was reported recently [4],
PQQ GDH-BAca remains one of the most frequently used
enzymes for glucose biosensor devices. Its high turnover
number and insensitivity toward oxygen makes it superior
in the determination of glucose concentrations [5, 6].
Besides its beneficial properties, there are still some
drawbacks connected to PQQ GDH-BAca. For example, in
addition to its natural substrate glucose this enzyme rec-
ognizes several mono- as well as disaccharides, especially
maltose, which can lead to imprecise blood glucose mea-
surements [7]. Several attempts have already been made to
improve its substrate specificity [8—10] as well as its
thermal stability [11, 12]. Despite of all these optimization
efforts there is still no PQQ GDH-BAca variant available
which fulfills all demands for an optimal biocatalyst in
glucose biosensors. Thus, besides further improvements of
PQQ GDH-BAca by enzyme engineering approaches the
discovery of novel enzymes presenting alternatives for the
application in glucose biosensors would be beneficial.

In 2007 the 13 Mbp genome sequence of Sorangium
cellulosum So ce56 was published, which is one of the
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largest bacterial genomes known to date [13]. This gram-
negative myxobacterium is of great biotechnological
interest since it produces novel classes of secondary
metabolites. Among many interesting enzymes of potential
industrial importance S. cellulosum So ce56 possesses a
putative protein with high sequence similarity to PQQ
GDH-BAca from A. calcoaceticus [14]. In this work the
corresponding gene was cloned and over expressed in
E. coli. After purification and characterization of the wild
type enzyme, which was named PQQ GDH-BSce, rational
enzyme engineering approaches were used to improve its
substrate specificity for a potential application in biosen-
sors for glucose monitoring.

Materials and Methods
Materials

All chemicals were purchased from Sigma-Aldrich
(Munich, Germany). The strain E. coli NovaBlue endAlhs
dR17(rx1o— Mg o+) supE44 thi-1 recAl gyrA96 relAl lac
[F' proA*B" lacl? ZDM15:: Tnl0 (Tet’)] (DE3) and
expression vector pRSF-1b were obtained from Novagen
(Darmstadt, Germany). For the use as PQQ GDH-BSce pro-
duction and screening strain the chromosomal gcd gene
coding for PQQ glucose dehydrogenase A was knocked out
in the E. coli NovaBlue (DE3) strain by the method of
Datsenko and Wanner resulting in the strain E. coli Nova-
Blue (DE3) Agcd [15].

Genomic DNA from S. cellulosum So ce56 was kindly
provided by Prof. Rolf Miiller, Department of Pharma-
ceutical Biotechnology, Saarland University, Saarbriicken,
Germany.

Growth media for the production of PQQ GDH-BSce
were Luria—Bertani medium (LB), pH 7.0, containing 10 g/
1 tryptone, 5 g/l yeast extract, 10 g/l NaCl and 2x YTMS5
medium, pH 6.9 containing 16 g/l tryptone, 10 g/l yeast
extract, 5 g/l NaCl, 25 mM Na,HPO,, 25 mM KH,POy,,
50 mM NH,4CI, 5 mM Na,SOy, 0.01% (v/v) glycerol.

Cloning and Expression

The pyrroloquinoline quinone dependent glucose dehy-
drogenase like gene gdhB (GenelD: 5806305, Locus Tag:
sce(0774) was amplified by PCR from genomic DNA of S.
cellulosum So ce56 using the primer pair fwd 5'-TCATAC
ATGTCGCCCTTTATCTCACGCAAC-3' and rev 5'-CAT
GAAGCTTTCAGTGGTGGTGGTGGTGGTGGCCGCC
GTGCGATGTCGTGTACTTG-3'. The primer pair inclu-
ded suitable restriction enzyme sites (underlined) and a
C-terminal Hise-tag. The gene was cloned into the

@ Springer

expression vector pRSF-1b, and E. coli NovaBlue (DE3)
Agcd cells were transformed with the resulting plasmid.

Protein Production and Purification

For protein production cultures from single colonies were
grown at 37°C in 800 ml LB medium containing 50 png/ml
kanamycin. After reaching an optical density of 0.6 at
600 nm (ODgqg), 250 uM IPTG for induction and 500 nM
PQQ were added and protein expression was carried out
over night at room temperature. Cells were harvested by
centrifugation at 3,000xg and 4°C for 15 min and the cell
pellet was resuspended in 10 mM MOPS pH 7.0 containing
50 mM imidazole and 0.5 M NaCl. The following disrup-
tion of the cells was done by French Press at 10,000 psi
(Thermo, Milford, USA). After centrifugation at
10,000x g and 4°C for 1 h, the pellet containing the cell
debris and the main fraction of the protein in inclusion
bodies was resuspended in 10 mM MOPS pH 7.0 contain-
ing 50 mM imidazole, 0.5 M NaCl, and 8 M urea. The
suspension was sonicated for 5 min (Labsonic, Braun,
Melsungen, Germany). Insoluble cell debris was removed
by centrifugation for 1 h at 10,000xg and 4°C. The
supernatant was applied to a 1 ml HisTrap HP column (GE
Healthcare, Munich, Germany). The column was then
washed with 20 column volumes (cv) of 10 mM MOPS pH
7.0 containing 50 mM imidazole, 0.5 M NaCl, and 8§ M
urea. After the washing step the urea containing buffer was
exchanged within 30 cv against 10 mM MOPS pH 7.0
containing 0.5 M NaCl, 3 uM CaCl,, and 50 mM imidazole
by a linear gradient. Finally the protein was eluted within 30
cv 10 mM MOPS pH 7.0 containing 0.5 M NaCl, 3 uM
CaCl,, and 500 mM imidazole by a linear gradient. The
fractions with the highest amounts of the target protein were
collected and dialyzed three times against the 100 times
volume of 50 mM sodium potassium phosphate buffer pH
7.5 containing 3 pM CaCl, and 2 pM PQQ. The progress of
the purification was analyzed by 12% SDS-polyacrylamide
gel electrophoresis (SDS-PAGE, Fig. 2). Protein concen-
trations were determined by Bradford assay kit (Bio-Rad,
Munich, Germany) with bovine serum albumin as the pro-
tein standard.

N-terminal Sequencing

After the SDS-PAGE analysis, PQQ GDH-BSce was
electrophoretically transferred to polyvinylidene difluoride
(PVDF) membranes (Millipore, Billerica, MA, USA) using
a semi-dry blotting apparatus (Thermo Scientific HEP-3,
Waltham, MA, USA). The protein was stained with Pon-
ceau S, excised from the PVDF membrane and subjected to
N-terminal sequencing by Edman degradation (Proteome
Factory, Berlin, Germany).
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Activity Assay

The activity of PQQ GDH-BSce was assayed for 2 min
spectrophotometrically by the reduction of nitrotetrazolium
blue (NTB) at 570 nm in the presence of phenazine
methosulfate (PMS). The assay mixture contained 42 mM
sodium potassium phosphate buffer pH 7.5, 30 mM glu-
cose, 0.2 mM PMS, 0.22 mM NTB, 0.1% (w/v) BSA,
0.1% (v/v) Triton X-100, and 3 pM CaCl,. One unit of
GDH activity was defined as the conversion of 1 pmol
glucose per minute at 37°C which corresponds to the for-
mation of 0.5 umol of diformazan in the assay. For each
measurement the amount of enzyme was adjusted to
0.01-0.3 U/ml. Furthermore, the enzyme was pre-incu-
bated in 50 mM sodium potassium phosphate buffer (pH
7.5) containing 3 uM CaCl,, 2 uM PQQ, 0.1% (w/v) BSA,
and 0.1% (v/v) Triton X-100 for at least 30 min on ice
before each measurement.

Enzyme Characterization

To determine the optimal pH and buffer conditions for the
activity measurement of the enzyme 42 mM sodium
potassium phosphate buffer (pH 5.5-8), 42 mM citrate
phosphate buffer (pH 5-6.5), and 42 mM sodium borate
buffer (pH 8-9) was used for the assay as well as for the
enzyme solution.

All other measurements were performed in 42 mM
sodium potassium phosphate buffer (pH 7.5) with calcium
chloride concentrations below the precipitation level. The
temperature profile of PQQ GDH-BSce activity was
determined by heating the assay solution and the enzyme to
the indicated temperatures and measuring the activity at
these temperatures for 2 min. At temperatures above 40°C
the assay solution became unstable.

Thermal stability was determined by heating the enzyme
solution for 1 h to the indicated temperatures and sub-
sequent activity measurement at 37°C. Before using the
enzyme solution for the activity assay it was cooled on ice
for at least 5 min.

Substrate specificity profiling was carried out by varying
the substrate in the standard assay. In addition to glucose,
the mono- and disaccharides p-maltose, D-lactose, D-man-
nose, 2-deoxy-p-glucose, Dp-allose, D-galactose, D-xylose,

and L-arabinose were tested as substrates at a concentration
of 30 mM.

For enzyme kinetics the activity measurement was car-
ried out with glucose concentrations varying from 0.3 to
60 mM. For the determination of activity the initial rates
within the linear range of the product time curve were used.
The kinetic parameters k., and K, were calculated by non
linear regression fitting to the Michaelis—Menten equation
using GraFit version 6.0.7 (Erithacus Software Ltd., Horley,
Surrey).

Enzyme Engineering and Screening

Mutations were introduced into the gdhB (sce0774, GenelD
5806305) gene by site-directed mutagenesis (Stratagene,
USA). The respective oligonucleotides are listed in Table 1.
At the positions Q126 and Q219/F220 the NNK motif was
used, resulting in libraries Q126 and Q219/F220, respec-
tively. After digestion with Dpnl E. coli NovaBlue (DE3)
Agcd cells were transformed with both libraries individu-
ally. Single colonies were picked and transferred into 96
deep-well plates containing 1 ml 2x YTMS5 medium. Cells
were grown to an ODg, of 0.6 at 37°C. Protein expression
was then induced by adding 1 mM IPTG at each well. After
3 h of incubation at 37°C cells were harvested by centrifu-
gation and the cell pellets were resuspended in 50 mM
sodium potassium phosphate buffer (pH 7.5) containing 1 x
Cell Lytic B solution (Sigma—Aldrich, Munich, Germany),
0.1 mg/ml lysozyme, and 0.1 mg/ml DNasel for cell lysis.
After 45 min incubation at 37°C cells were centrifuged at
3,000x g for 15 min and the supernatant was used as crude
enzyme extract for activity screening. The crude enzyme
extract was split in half and diluted each with 1 volume of
50 mM sodium potassium phosphate buffer (pH 7.5) con-
taining 2 pM PQQ and 3 pM CaCl,. After incubation at
room temperature for 30 min 2 volumes of 50 mM sodium
potassium phosphate buffer (pH 7.5) containing 1.2 mM
PMS and 1.2 mM 2,6-dichlorophenolindophenol sodium
salt hydrate (DCIP) were added. Finally, either glucose or
maltose was added to a final concentration of 30 mM and the
reduction of DCIP was followed spectrophotometrically at
595 nm for 45 min [16]. Relative activities on maltose were
deduced for each enzyme variant by calculating the ratio of
activity on maltose compared to activity on glucose.

Table 1 Oligonucleotide

Sequence 5’ — 3/

. . Name
sequences for site-directed
mutagenesis. The mutated 126 fwd
codons are marked in italics -
126_rev

219/220_fwd
219/220_rev

GTTCCAGTCGGGGGGTNNKGACGGGCTGCTGGCCCTG
CAGCAGCCCGTCMNNACCCCCCGACTGGAACG
GATCAGGGGAACAACNNKNNKGCCAGGATGTGCAAC
GTTGCACATCCTGGCMNNMNNGTTGTTCCCCTGATCCCCTATG

@ Springer



256

Mol Biotechnol (2011) 47:253-261

Modeling of the Tertiary Structure

The protein sequence of PQQ GDH-BSce (YP_0016
11411.1) was used for an iterative PSI-Blast search [17].
The best 500 Hits were used to create a scoring matrix and
an alignment sequence for the modeling software using
ClustalW2 [18]. The software program MOE 2008.10
(Chemical Computing Group Inc., Montreal, Quebec,
Canada) was then used to generate the 3-D model of PQQ
GDH-BSce using the crystal structure of PQQ GDH-BAca
(pdb accession code 1cql) together with the scoring matrix
and the alignment sequence. The substrate glucose was
modeled into the substrate binding pocket afterwards.
Finally PyMOL (DeLano Scientific LLC, Palo Alto, CA,
USA) was used to render figures.

Results and Discussion
Sequence Analysis of PQQ GDH-BSce

The 1518 base pair gene gdhB (sce0774, GenelD 5806305)
from the genome of Sorangium cellulosum So ce56 codes
for a protein of 505 amino acids, which will be referred to
as PQQ GDH-BSce. The translated protein sequence shows
high similarity to the functional regions of soluble glucose
dehydrogenases (s-GDH) which require the cofactor pyr-
roloquinoline quinone (PQQ) to oxidize glucose to gluc-
onolactone. 43% of all amino acids are identical to the best
characterized s-GDH, the PQQ GDH-B from Acinetobacter
calcoaceticus (PQQ GDH-BAca, Fig. 1). In the sequence
of PQQ GDH-BSce seven of the nine amino acids forming
the binding site for the cofactor PQQ in PQQ GDH-BAca
are conserved (Fig. 1) [19]. Positions R432, R430, K401,
L400, A374, N253, and R252 from PQQ GDH-BAca are
identical to the corresponding positions of PQQ GDH-
BSce. Only the position Q270, where glutamine is
exchanged by histidine in PQQ GDH-BSce and the posi-
tion Q47, where glutamine is exchanged by valine, differ
from the PQQ-binding pocket of PQQ GDH-BAca. Also
the active sites among both enzymes are highly conserved
(Fig. 1). At positions corresponding to W370, Y367, R252,
Q192, H168, D167, and Q100 in PQQ GDH-BAca no
exchanges can be observed. Only at position L193, leucine
is replaced by phenylalanine in PQQ GDH-BSce.

More differences can be found in the signal peptide
sequences of both enzymes. The first 24 amino acids of
PQQ GDH-BAca form a signal peptide I which directs the
protein from the cytoplasm to the periplasm of A. calco-
aceticus [14]. Computational analysis with SignalP 3.0 [20]
and LipoP 1.0 [21] of PQQ GDH-BSce revealed that its first
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28 amino acids might form a putative type II signal peptide.
This indicates that PQQ GDH-BSce might be a lipoprotein
of S. cellulosum So ce56.

Cloning, Expression, and Refolding

For the characterization of PQQ GDH-BSce the gdhB gene
from S. cellulosum So ce56 was cloned into the expression
vector pRSF-1b and expressed as hisg-tagged protein in
E. coli NovaBlue (DE3) Agcd cells which lack the gene
encoding the endogenous PQQ glucose dehydrogenase A
[22]. The recombinant protein accumulated in inclusion
bodies with only a minor soluble fraction in the cytoplasm
(Fig. 2). Since the reduction of the expression time, varia-
tions of growth temperature (16-37°C) as well as the
reduction of the amount of IPTG used to induce expression
resulted in inclusion bodies (data not shown), a solubiliza-
tion and subsequent refolding of the protein was essential.

Solubilization and purification of PQQ GDH-BSce via
immobilized metal affinity chromatography yielded a
protein preparation of >95% purity. The dominant band
had an apparent mass of 63 kDa as analyzed by SDS-
PAGE, whereas the mass deduced from the primary
structure was 56 kDa (Fig. 2). The identity of the band as
PQQ GDH-BSce was verified by N-terminal protein
sequencing. The aberrant electrophoretic performance of
the enzyme was reproducible and occurred in all states of
purification.

Protein refolding was started on the column during
elution in the presence of Ca®". Refolding was finished by
dialysis against 50 mM sodium potassium phosphate buffer
pH 7.5 containing 3 uM CaCl, and 2 pM PQQ. These
conditions led to a high dehydrogenase activity of PQQ
GDH-BSce with the substrate glucose. Refolding without
Ca’" and PQQ led to an inactive enzyme. The activity
could only be restored by incubation with both factors.
Olsthoorn and Duine have observed that the presence of
Ca®" and PQQ is also essential for the reconstitution and
activity for PQQ GDH-BAca, where Ca>" is needed for the
correct folding and for the functionalization of PQQ as
cofactor [23]. In case of PQQ GDH-BAca, Ca*" plays a
crucial role in the formation of the homodimer complex as
well as for the activation of the cofactor PQQ. Four ions
are located at the homodimer interface stabilizing the for-
mation of this complex. It is speculated that the interaction
of two ions with the 4CD loop brings together distant parts
of the loop in each monomer which helps to stabilize the
homodimer. Additionally, one calcium ion is located in the
active site of each monomer, playing a crucial role in the
catalytic process [19]. It can be deduced that in PQQ GDH-
BSce Ca®" has the same function.



Mol Biotechnol (2011) 47:253-261 257

Fig. 1 Sequence alignment of A. calcoaceticus 1 mnkhllakigl-lsayglvElsafa-—-—--—————- dvpltpsgfakakse

PQQ GDH-BAca from A. S. cellulosum 1 mspfisrnlavvlarwgllEtaswsltgcggagppdeplesdagaivaee

calcoaceticus [14] and PQQ

GDH-BSce from S. cellulosum

So ce56. Identical amino acids A. calcoaceticus 40 ———mmmm e —— nfdkkvigsninkphallwgpdngiwlteratgk

are marked with gray 5. cellulosum 51 aedpgdtdevcpgeeptftsreivrdlsipmrivwgpdgylwltertakr

background. Amino acids of the F

PQQ-binding site in PQQ GDH- s : . : i —
RN, A. calcoaceticus 74 ilpwnpesgsvktvigvpeivndadggnglligfathpdf---Knnpyiyi

BAca are marked with “P” and 5. cellulosum 101 vvrvrpedgloktaitipeafg-sgggdgllalalhpdllkhkgkdyvyv

amino acids of the active site ’ muceld -laatq _aggg g S LRnEokRvE

are marked with “A”. R252

belongs to both sites and is A. calcoaceticus 121 sgtfknpkstdkelpngtiirrytynkstdtlekpvdllaglpsskdhas

marked with “*” S. cellulosum 150 gfgyn--vaadpavdrrikirrytynrvtetlgspvdvitglpgsddhns

171
198

A. calcoaceticus
5. cellulosum

221
248

A. calcoaceticus
5. cellulosum

271
298

A, calcoaceticus
S. cellulosum

321
348

A. calcoaceticus
8. cellulosum

371
398

A. calcoaceticus
5. cellulosum

421
447

A. calcoaceticus
5. cellulosum

471
497

A. calcoaceticus
S. cellulosum

b1 2 3

a 1 2 3 4 5

“ 126 kDa

“ 65kDa
“ 45kDa

5 35KDa

I 25kDa

Fig. 2 a SDS-PAGE analysis of PQQ GDH-BSce. 1, protein marker;
2, E. coli NovaBlue (DE3) Agcd cells after expression of PQQ GDH-
BSce; 3, soluble fraction after cell disruption with French Press; 4,
pellet after cell disruption with French Press; 5, PQQ GDH-BSce after
his¢-tag purification. b 1, E. coli NovaBlue (DE3) Agcd cells with
pRSF1-b after expression; 2, E. coli NovaBlue (DE3) Agcd cells with
pRSF1-b containing PQQ GDH-BSce after expression; 3, protein
marker

AR
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*P P

gpnsddeinlivkggonygwpnvagykddsgyayanysaaanksikdlagn
gpksdde lnlicagknygwpyvagyaddoaytydnwsassptpcnelsws

gvkvaagwpvtkesewtgknfvpplktlytvodt¥nyndpotegemt yicw
df appps¥prglegsafshpdfkepllEfytvpndyvi fdwaggfsqyicw
A A

ptvapssayvykggkkaitgwentllvpslkrgvifrikldptysEtydd
ptiapsslhyypagh-girgwcdhslimtislkkgavygvklspngkgvege
P PP

avpmfksnnryrdviaspdgnvlyvltdtagnvgkddgsvEntlenpgsl
pavlifgttpeyrdlamspdrktiyiitdtagntsgptggvttvildnpgai
F P

ikEt¥kak-
lefkyttsh

Enzyme Characterization of PQQ GDH-BSce

The refolded protein PQQ GDH-BSce shows a PQQ
dependent activity with glucose (1961 U/mg), clearly
marking this enzyme as a novel PQQ dependent glucose
dehydrogenase enzyme. However, in addition to glucose,
PQQ GDH-BSce accepts various mono- and disaccharides
as substrates (Table 2). The highest activity was observed
with glucose, but the relative activity of the recombinant
enzyme on most other substrates is 70% or higher com-
pared to glucose, whereas the lowest activity was found
with the substrate 2-deoxyglucose. This is in accordance
with other soluble GDH-B enzymes. In the group of PQQ
dependent GDH enzymes only the membrane-bound glu-
cose dehydrogenase (PQQ GDH-A) shows high activity on
2-deoxy-p-glucose [24, 25].

PQQ GDH-BSce was further characterized with respect
to pH dependency, temperature range, and temperature
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Table 2 Relative activities of PQQ GDH-BSce and PQQ GDH-
BAca [7, 8] on different substrates

Substrate PQQ GDH-BSce (%) PQQ GDH-BAca (%)
D-Glucose 100 100
L-Arabinose 97 35
p-Lactose 91 65
D-Xylose 86 20
D-Allose 85 47
D-Maltose 71 87
p-Galactose 71 30
D-Mannose 36 13
2-Deoxy-D-glucose 3 5

All activities were calculated in respect of the activity on glucose
which was set to 100%

stability. The pH dependency was tested in three buffers
with a variety of pH values (Fig. 3). The pH optimum of
PQQ GDH-BSce is pH 7.5 with the enzyme showing
activity from pH 5.5 to 9. The highest activity was
observed with 42 mM sodium potassium phosphate buffer
at pH 7.5. Consequently this buffer was used for all activity
measurements.

PQQ GDH-BSce revealed the highest activity at a
temperature of 37°C (Fig. 4a). At 25°C the enzyme activity
was reduced to 50%, whereas at 40°C the activity was only
reduced to 90% compared to the activity at 37°C. The
thermostability was tested by incubating the enzyme
solution at the indicated temperature for 1 h. The enzyme
showed only a slight decrease in activity in the range of
25-45°C, with 100% activity at 25°C and still 80% activity
at 45°C (Fig. 4b). After incubation at 60°C for 1 h the
enzyme still had 27% of its initial activity while loosing
nearly all activity after treatment at 65°C.

Relative activity [%]
D
o

pH

Fig. 3 pH and buffer dependencies of PQQ GDH-BSce. Relative
enzyme activity was determined in different buffers and at different
pH values using the same amount of enzyme in a 2-min assay. Circle
42 mM citrate phosphate buffer, diamond 42 mM sodium potassium
phosphate buffer, and triangle 42 mM sodium borate buffer
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Relative activity [%]
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Fig. 4 Thermal characteristics of PQQ GDH-BSce. a Activity at
various temperatures. b Temperature stability of PQQ GDH-BSce
(square) and variant Q219K/F220K (circle) after 1 h heat treatment at
the indicated temperature. The activity was determined in a 2-min
assay in 42 mM sodium phosphate buffer pH 7.5 with 30 mM glucose
as substrate at 37°C

Comparison with PQQ GDH-B

The high sequence similarity of PQQ GDH-BAca and PQQ
GDH-BSce already indicated that both enzymes might also
be similar in their biochemical properties. Beside their
need for the cofactors PQQ and Ca®" for the dehydroge-
nase activity on glucose both enzymes accept a broad range
of different substrates.

The enzymes differ in their specific activity with glu-
cose. PQQ GDH-BAca has a specific activity of 7400 U/
mg, whereas PQQ GDH-BSce has only a specific activity
of 1961 U/mg [23]. The relative activity on maltose (71%)
of PQQ GDH-BSce is slightly lower than that of PQQ
GDH-BAca (87%). PQQ GDH-BSce shows higher activi-
ties on xylose, arabinose, lactose, allose, mannose, and
galactose (Table 2) compared to PQQ GDH-BAca [7, 8].
Also remarkable is the slightly better thermal stability of
PQQ GDH-BSce with 27% residual activity after a 1-h
treatment at 60°C compared to PQQ GDH-BAca, which
has a residual activity below 20% after incubation for 1 h
at 55°C [11].

These data reveal that PQQ GDH-BSce and PQQ GDH-
BAca have similar properties. But PQQ GDH-BSce has a
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higher thermal stability and a lower activity on maltose,
whereas PQQ GDH-BAca has a higher specific activity and
is less active on other substrates.

Engineering and Kinetic Parameters

The high activity of PQQ GDH-BSce on maltose (Table 2)
is disadvantageous for a feasible application in glucose
biosensors. Normally the blood glucose concentration is
50 times higher than the blood maltose concentration [26,
27]. However, in the case of diabetes patients receiving
infusions with high maltose concentrations, this ratio is
massively changed, leading to false glucose measurements.
For an optimal glucose biosensor the maltose activity has
to be reduced as much as possible while retaining high
specific activity and thermal stability.

For the well characterized PQQ GDH-BAca several
amino acid positions are known for their high influence on

Fig. 5 Model of the active site of wild type PQQ GDH-BSce. Shown
are the cofactor PQQ, the substrate glucose and the amino acids
positions Q126, Q219, and F220 which were chosen as targets for
site-directed mutagenesis

the substrate specificity [9, 10, 28]. Based on these reports
and our own data of PQQ GDH-BAca variants with
improved substrate specificity (unpublished data), three
promising sites corresponding to Q100, Q192, and L193 in
PQQ GDH-BAca were chosen as targets for improvement
of the substrate specificity of PQQ GDH-BSce. Like Q100,
Q192, and L193 in PQQ GDH-BAca the amino acids Q126,
Q219, and F220 in PQQ GDH-BSce enclose the substrate
glucose as shown in a modeled tertiary structure (Fig. 5).
These sites were substituted by saturation mutagenesis. The
resulting two libraries contained all 20 possible amino acids
at position Q126 in one library and all 400 possible amino
acid combinations at positions Q219 and F220 in a second
library. In accordance with the formula for library coverage
by Patrick et al. [29] 99% of all variants from both libraries
were screened with respect to a reduced relative activity on
maltose. The seven enzyme variants with the highest
reduction in maltose activity were purified for kinetic
analysis (Table 3).

Three variants had changes at position Q126 and four
were double mutants with changes at position Q219 and
F220. In all seven variants the introduction of polar amino
acids was observed (Table 3). The wild type protein has an
uncharged polar glutamine at position 219 and an
uncharged and unpolar phenylalanine at position 220. In
variants Q219K/F220K and Q219E/F220E, two amino
acids with charged and polar side chains, either glutamic
acid or lysine was introduced. Also in variant Q219N/
F220K and in variant Q219K/F220C at least one charged
polar amino acid was introduced. One of the three best
variants from the single mutant library (Q126R) carries a
charged polar amino acid instead of the wild type gluta-
mine. The preferred introduction of polar and charged
amino acid side chains may influence the substrate speci-
ficity either by polar and ionic interactions of the side chains
with the substrate or they may lead to a conformational

Table 3 Kinetic parameters of PQQ GDH-BSce wild type and variants with reduced activity on maltose from library Q126 and library Q219/

F220
Ky (mM) keat 571 kead Kng (37" mM™1) Relative activity
on maltose (%)

Wild type 2.4 1778.8 744.0 (100%) 71.0
QI126E 11.0 197.1 18.0 (2.4%) 25.6
Q126S 22.6 445.1 19.7 (2.6%) 12.4
QI126R 414 341.6 8.2 (1.1%) 11.4
Q219E/F220E 11.3 305.9 27.0 (3.6%) 52
Q219K/F220K 7.6 1113.8 146.6 (19.7%) 29.3
Q219N/F220K 10.6 227.2 21.7 (2.9%) 11.7
Q219K/F220C 7.2 121.5 16.8 (2.3%) 20.0

Activity was determined in a 2-min assay in 42 mM sodium phosphate buffer pH 7.5 at 37°C with glucose concentrations varying from 0.3 to
60 mM. For the determination of activity the initial rates within the linear range of the product time curve were used. The last column shows the
relative activity on maltose referring to the corresponding glucose activity of each variant which is set to 100%
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change of the protein. It can be speculated that this con-
formational change leads to a decreased binding of sub-
strates like maltose, which is bulkier than glucose.

The wild type enzyme has a high relative activity on
maltose (71%) compared to glucose. All selected seven
variants have an activity on maltose which is at least reduced
to 30% (Q219K/F220K), with the best variant showing a
reduction down to 5.2% (Q219E/F220E). In PQQ GDH-
BAca saturation mutagenesis at the corresponding positions
also had great influence on the activity with maltose. Sub-
stitution of Q100 in PQQ GDH-BAca with alanine, glutamic
acid, phenylalanine, glycine, lysine, leucine, or serine left
the enzyme almost inactive [10]. Variations at this position
in PQQ GDH-BSce, however, led to a further decreased
maltose activity ranging from 36.1 to 16% compared to wild
type PQQ GDH-BSce. At positions Q192 and L193 of PQQ
GDH-BAca the best variants showed a reduction to 22%
(Q192G) and 39% (L193F) compared to wild type PQQ
GDH-BAca [10]. Experiments of our own revealed that the
combination of the Q192/L193 mutations of PQQ GDH-
BAca in one library resulted in a variant Q192G/L193F with
massively decreased maltose activity (8.9%) which is
comparable to the PQQ GDH-BSce double mutants. These
data show that the positions Q126, Q219, and F220 in PQQ
GDH-BSce have as great influence on the substrate speci-
ficity as their counterparts in PQQ GDH-BAca.

In 2004, Igarashi et al. [30] additionally disclosed that
variants of PQQ GDH-BAca at the position Q192 corre-
sponding to position Q219 from PQQ GDH-BSce have an
improved substrate specificity but decreased catalytic effi-
ciency. The kinetic analysis revealed that although all PQQ
GDH-BSce variants show improved substrate specificity,
their v« values drastically decrease and their Ky, values
increase, reducing their catalytic efficiency, too (Table 3).
Variant Q219K/F220K shows only a fivefold reduction in
catalytic efficiency compared to the wild type enzyme,
whereas all other variants have at least a 27-fold reduction
in catalytic efficiency. Also the specific activity with glu-
cose of the variant Q219K/F220K was the highest of all
characterized variants with 1240 U/mg (63% of wild type).
The high remaining specific activity together with its good
catalytic efficiency and a reduction of maltose activity to
29.3% make variant Q219K/F220K a promising candidate
for a glucose biosensor or further engineering. Additionally
this variant showed no reduction in thermal stability
(Fig. 4b) compared to wild type PQQ GDH-BSce. A sec-
ond auspicious candidate is variant Q219E/F220E, where
maltose activity was minimized to 5.2% of the wild type
activity. However, this reduction is accompanied by an
unwanted loss of catalytic efficiency.

Based on these two successful variants further studies
have to be carried out to show whether the desirable
combination of high catalytic efficiency and maximal

@ Springer

reduction in maltose activity can be achieved by manipu-
lation of additional sites located further from the catalytic
center of the enzyme PQQ GDH-BSce. It also remains to
be tested if variant Q219K/F220K and variant Q219E/
F220E of PQQ GDH-BSce perform better than the com-
monly used PQQ GDH-B from A. calcoaceticus as glucose
biosensor proteins.
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