REPORT DOCUMENTATION PAGE T Y

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data
sources, gathering and maintaining the data needed, and compieting and reviewing the collection of information. Send comments regarding this burden estimate or any other
aspect of this collection of information, including suggestions for reducing the burden, to Department of Defense, Washington Headquarters Services, Directorate for Information
Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Adington, VA 22202-4302. Respondents should be aware that notwithstanding any other
provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently valid OMB control number

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) | 2. REPORT TYPE 3. DATES COVERED (From - To)
FINAL REPORT 15 APR 07 - 30 NOV 09
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

NOVEL BIOCATALYSTS COMBINING THE SPECIAL ASSEMBLY
PROPERTIES OF S-LAYER PROTEINS AND THE FUNCTIONALITY OF
ENZYMES OF EXTREMOPHILES

5b. GRANT NUMBER

FA9550-07-1-0313
Sc. PROGRAM ELEMENT NUMBER

61102F
6. AUTHOR(S) 5d. PROJECT NUMBER
DR UWE B. SLEYTR 2312

5e. TASK NUMBER

EX

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
UNIVERSITY OF NATURAL RESOURCES AND APPLIED LIFE SCIENCES REPORT NUMBER
DEPTOF NANOBIOTECHNOLOGY
MUTHGASSE LL, A-1190 VIENNA, AUSTRIA

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR'S ACRONYM(S)
AFOSR/RSL

875 NORTH RANDOLPH ST, SUITE 325, ROOM 3112

ARLINGTON, VA 22203-1768 11. SPONSOR/MONITOR'S REPORT

NI InsDEDISY

12, DISTRIBUTION/AVAILABILITY STATEMENT AFRL-OSR-VA-TR-2012- oD 2D
A = APPROVED FOR PUBLIC RELEASE; DISTRIBUTION IS UNLIMITED

13. SUPPLEMENTARY NOTES

14. ABSTRACT

Methods for organizing functional materials at the nanometer level are essential for the development of novel fabrication
technique. One of the most relevant areas of research in nanobiotechnology concerns technological utilization of self-
assembly systems, wherein molecules spontaneously associate into reproducible supramolecular structures. Being
composed of a single protein or glycoprotein species, bacterial cell surface layers (S-layers) represent the simplest
biological membrane developed during evolution.

15. SUBJECT TERMS

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF | 18. NUMBER| 19a. NAME OF RESPONSIBLE PERSON
a. REPORT | b. ABSTRACT | c. THIS PAGE|  ABSTRACT g.:css

19b. TELEPHONE NUMBER (include area code)
44

Standard Form 298 (Rev. 8/98)
Prescribed by ANSI Std. 239.18




FINAL PERFORMANCE REPORT

Title: Novel Biocatalysts Combining the Special Assembly Properties of
S-Layer Proteins and the Functionality of Enzymes of Extremophiles

(BIOCAT)

Agreement Award No.: FA9550-07-1-0313
Reporting period: April 15th, 2008 to April 14th, 2010

E o

20[209 13130

Prof. Dr. Uwe B. Sleytr

Department of Nanobiotechnology

University of Natural Resources and Applied Life Sciences
Muthgasse 11

A-1190 Vienna

Austria

Phone: +43-1-47654-2201

Fax: +43-1-4789112

E/M: uwesleytr@boku.ac.at




5.3.

10.

11.

Table of contents

Abstract

Specific tasks of the project

Status of cffort

Nanobiotechnologic of S-layers

Biocat accomplishments

The S-layer-based enzyme immobilization system
S-layer-based biocatalysts carrying monomeric extremozymes
a) rSbpA/Lam fusion protein

b) rSbpA/Lac fusion protcin

S-layer-based biocatalysts carrying multimeric extremozymes
¢) rSbpA/XylA fusion protein

d) rSbpA/Cam fusion protein

BIOCAT achievements

References

Biocat publications

Biocat presentations

Facility and experimental equipment

Scientists which contributed to the project

13

28

25

31

36

38

40

41

Y,




1. ABSTRACT

Methods for organizing functional materials at the nanometer level are essential for the
development of novel fabrication technique. One of the most relevant areas of research in
nanobiotechnology concerns technological utilization of self-assembly systems, wherein
molecules spontaneously associate into reproducible supramolecular structures. Being
composed of a single protein or glycoprotein species, bacterial cell surface layers (S-layers)
represent the simplest biological membrane developed during evolution. Based on the
remarkable intrinsic feature of S-layer proteins to self-assemble and the possibility for genetic
modifications, S-layer proteins were exploited as component for the development of novel
immobilized biocatalysts based on fusion proteins comprising S-layer proteins of Bacillaceae
and enzymes from extremophiles. The produced nanoscale biocatalysts combined the intrinsic
feature of S-layer proteins to self-assemble into a spatial predictable way with the remarkable
stability and robustness of monomeric or multimeric extremozymes. By exploiting the self-
assembly property of the S-layer protein moiety, the chimeric protein was used for spatial
control over display of enzyme activity on planar and porous supports. The results obtained
clearly demonstrate that S-layer based bottom up self-assembly systems for functionalizing
solid supports with a catalytic function could have significant advantages over processes

based on random immobilization of sole enzymes.

2. SPECIFIC TASKS OF THE PROJECT

1. Design and expression of fusion proteins based on S-layer proteins and enzymes of
extremophilic organisms in Escherichia coli

2. Isolation, purification and refolding of the different fusion proteins

3. Investigation of the enzymatic activity of the different fusion proteins

4. Recrystallization of the S-layer fusion proteins in suspension or on different artificial solid
supports

5. Development of novel immobilized biocatalysts based on biologically active S-
layer/extremozyme fusion proteins

6. Improvement of the stability of the biocatalysts by chemical cross-linking of the S-layer
portion of the fusion proteins

7. Comparison of enzyme stability of S-layer/extremozyme fusion proteins with those of
extremozymes covalently linked to S-layer protein lattices

8. Exploitation and dissemination of the results




3. STATUS OF EFFORT

. |Design and expression of fusion proteins based on S-layer proteins and

enzymes of extremophilic organisms in Escherichia coli

v (completed)

. [isolation, purification and refolding of the different fusion proteins

v" (completed)

. |Investigation of the enzymatic activity of the different fusion proteins

(completed)

. [Recrystallization of the fusion proteins in suspension or on different]
artificial solid supports and investigation of the accessibility of the fused|

kenzyme portion by TEM and AFM

v (completed)

. |Development of novel immobilized biocatalysts based on biological

active S-layer/extremozyme fusion proteins

v (completed)

. Improvement of the stability of the biocatalysts by chemical cross-linking

of the S-layer portion of the fusion proteins

v (completed)

. [Production of biocatalysts based on extremozymes covalently linked to S-

layer protein lattices

v (completed)

. [Exploitation and dissemination of the results

work in preparation

4. NANOBIOTECHNOLOGY WITH S-LAYERS

Crystalline bacterial cell surface layers. termed S-layers (/), are one (2) of the most

commonly observed outermost cell envelope structures of Bacteria and Archaea. These

monomolecular isoporous structures, composed of a single protein or glycoprotein species

represent the simples protein membranes developed during evolution (2). Most important,

isolated S-layer (glyco)proteins possess the intrinsic property for recrystallization into

isoporous lattices in suspension and at a broad range of surfaces (e.g., polymers, silicon,

metals) and interfaces (e.g., air-liquid interface, lipid films, liposomes).

Since one of the key challenges in biotechnology and material sciences is the technological

utilization of self-assembly systems wherein molecules spontaneously associate into defined

supramolecular structures, S-layers have a great potential as patterning elements. The well-

defined arrangement of functional groups on S-layer lattices and the repetitive

physicochemical properties down to the nanometer scale allows the binding of functional

molecules (e.g., enzymes, antibodies, antigens, ligands) and nanoparticles with unsurpassed

spatial control. Moreover, S-layers can be used as structural basis for a biomolecular
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construction kit involving all major species of biological molecules (proteins, lipids, glycans,
nucleic acids and combinations of them).

The possibility of modifying and changing the natural properties of S-layer proteins by
genetic engineering techniques and to incorporate specific functional domains while
maintaining the self-assembly capability has led to new types of enzyme membranes, affinity
structures, ultrafiltration membranes, microcarriers, biosensors, diagnostic devices,
biocompatible surfaces, vaccines as well as targeting, delivery and encapsulation systems.
Presently, the most important line of development concems genetic manipulation of S-layer
proteins and glycoproteins. For nanobiotechnological utilization of self-assembly systems, S-
layer technology was advanced by the construction of genetically engineered S-layer fusion
proteins that comprised (i) the N-terminal cell wall anchoring domain, (ii) the self-assembly
domain, and (iii) a functional sequence (3-5). Numerous studies have clearly demonstrated
that S-layer proteins incorporating specific functional domains of proteins (e.g., enzymes,
antibodies, antigens, ligands, mimotopes) maintain the capability to assemble into coherent
lattices on a great variety of solid supports. This strategy for “nanocontrolled”
funcionalization of surfaces leads to new enzyme and ultrafiltration membranes, affinity
structures, ion-selective binding matrices, microcarriers, biosensors, diagnostics,
biocompatible surfaces, mucosal vaccines, and encapsulation systems (6, 7). Due to this
construction principle, the functional sequences are aligned at a predefined distance in the
nanometer range on the outermost surface of the S-layer lattice and thus, remain available for
further binding reactions (e.g., substrate binding, antibody binding).

The S-layer protein SbpA of mesophilic Lysinibacillus sphaericus CCM 2177 consists of
1268 amino acids, including a 30 amino acids long signal peptide (8). By producing various
C-terminally truncated forms and performing surface accessibility screens, it became apparent
that amino acid position 1068 is located on the outer surface of the square lattice and that this
C-terminally truncated form fully retained the ability to self-assemble into a square S-layer
lattice with a center-to-center spacing of the tetrameric morphological units of 13.1 nm (8).
Therefore, the C-terminally truncated form rSbpAsj.jes Was used as base form for the
construction of various S-layer fusion proteins. An advantage of the SbpA system for
nanobiotechnological applications is, that the recrystallization is dependent on the presence of

calcium ions, thus allowing control over lattice formation (9).




5. BIOCAT ACCOMPLISHMENTS

5.1. The S-layer-based enzyme immobilization system

Currently used immobilization methods are based on the adsorption and covalent binding of
enzymes to water-insoluble carriers, the incorporation of enzymes into semi-permeable gels,
and the enclosing of enzymes in polymer membranes (Fig. la—). Regarding enzyme
immobilization, the advantages offered by the S-layer self-assembly system are (i) the
requirement of only a simple, one-step incubation process for site-directed immobilization
without preceding surface activation of the support, (ii) the provision of a cushion to the
enzyme through the S-layer moiety of the fusion protein preventing denaturation, and,
consequently, loss of enzyme activity upon immobilization, (iii) the principal applicability of
the “S-layer tag” to any enzyme, and (iv) the high flexibility for variation of enzymatic groups
within a single S-layer array by co-crystallization of different enzyme/S-layer fusion proteins

(Fig. 1d).

(a) (b) {c)

OICD | haey (OB

convalent binding adsorption/absorption physical adsorption

(d) (e)
& enzyme

qp S-layer protein

Fig.1.Comparison of different enzyme immobilization methods. (a) Random
immobilization via covalent binding; (b) random adsorptive binding; (c)
random physical adsorption within a 3D gel structure; (d) novel approach for
site directed immobilization of an enzyme via the S-layer self-assembly
technique, allowing orientated and dense surface display of the enzyme in its
native conformation and ensuring accessibility for the substrate; (e) legend.

self-assembly/recrystallization of
S-layer enzyme fusion protein

5.2. S-layer-based biocatalysts carrying monomeric extremozymes

a) rSbpA/LamA fusion protein

Overexpression, isolation and purification

In a first approach, a fusion protein based on the S-layer protein SbpA of Lysinibacillus
sphaericus CCM 2177 and the enzyme laminarinase (LamA) from Pyrococcus furiosus was
cloned and overexpressed in E. coli BL21 (DE3)star. The extremophilic enzyme LamA is an
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endoglucanase displaying its main hydrolytic activity on the -1,3-glucose polymer laminarin.
It is extremely thermostable (half life time at 100 C, 16 h) and thermoactive (temperature
optimum, 100-105 C), and, as a particular property, it is remarkably resistant to denaturation
retaining a significant extent of its secondary structure in 8 M guanidinium hydrochloride
(GHCI). These properties are accompanied by a notable stability at extremely low pH (~.3).
Due to the robustness of the chosen enzyme, the rSbpA/LamA construct is well suited for the
evaluation of the S-layer self-assembly system for enzyme immobilization.

The designed S-layer fusion protein carries a C-terminal VSV-G tag, interspacing Ser-Ala-
Ser-Ser-Gly-Gly-Gly-Gly-Ser-Ala, was fused via a Gly-Gly linker (Fig. 2).

flexible linker

N

C
{ Hvsv-gtag, 11 aa .
1 '
S-layer protein SbpA, 1037 aa Fig. 2. Cartoon of rSbpA/LamA

LamA, 263 aa

In E. coli cells induced for expression, the fusion protein accumulated as inclusion bodies
within the cell cytoplasm. An additional band of a 2-h expression culture appearing on an
SDS-PAGE gel upon Coomassie staining corresponded to the calculated molecular mass for
rSbpA/LamA of 141.9 kDa (Fig. 2). For isolation of rSbpA/LamA, the biomass harvested
from a 4-1 fermentation was treated with B-PER® reagent. rSbpA/LamA was extracted by
treatment with 5 M GHCI (3 ml g”' inclusion bodies) and finally enriched by GPC to high
purity with an overall yield of 600 mg I"". The integrity of the S-layer fusion protein was
confirmed by binding of anti-VSV-G peroxidase conjugate to the C-terminal VSV-G tag in a
Western blot experiment (Fig. 3).

150 kDe 12 3 4 Fig. 3 Overexpression and purification of the

@m0 B |7 | [SbpA/LamA fusion protein. (a) SDS-PAGE analysis after
Coomassie staining. Lane I, Benchmark ladder; lane 2, E. coli
- BL21star(DE3) expression culture harboring plasmid
pET28a/sbpA/lamA before induction; lane 3, after 2h of
induction; lane 4, purified rSbpA/LamA fusion protein. (b)
50 kDa-Jiu Western blot analysis of rSbpA/LamA using anti-VSV-G-
- - peroxidase conjugate.

(a) (b)




Self-assembly and recrystallization properties of rSbpA/LamAAs shown by transmission
electron microscopy of negatively stained preparations, rSbpA/LamA had the capability to
self-assemble in suspension into monomolecular, regular arrays (Fig. 4a). Self-assembled and
recrystallized rSbpA/LamA exhibited the square lattice structure characteristic of native SbpA
with a center-to-center spacing of tetrameric morphological units of 13.1 nm. The defined
orientation of rSbpA/LamA was demonstrated via labeling with anti-VSV-G-FITC conjugate
after recrystallization on cellulose microspheres. Green luminescence of microspheres
indicated exposure of the enzymatic moiety at the surface (Fig. 4b), while uncoated particles

and glass slides showed no fluorescence (not shown).

Fig. 4 (a) TEM image of a negatively stained preparation of rSbpA/LamA self-assembled in solution
into a monomolecular array (bar, 100 nm). Inset showing the square lattice symmetry of the S-layer
enzyme fusion protein with a lattice constant of 13.1 nm (enzyme moiety in blue); (b) fluorescent
microscopic image of microspheres coated with rSbpA/LamA after binding of an anti-VSV-G FITC
conjugate (bar, 3 um), indicating surface exposure of the enzymatic group; (c) AFM deflection image
of the S-layer enzyme fusion protein after recrystallization on a silicon wafer, measured in contact
mode in aqueous solution (bar, 100 nm).

Determination of the enzyme activity of rSbpA/LamA

The enzyme activity of the S-layer fusion protein was determined by its ability to release
glucose from the polysaccharide laminarin and compared to the sole enzyme. Water soluble
rSbpA/LamA protein as present in the absence of calcium ions revealed a specific activity of
344 U mg ', while the value for sole LamA was 727 U mg . Thus, the S-layer fusion protein
had approximately 50% of the specific enzyme activity of the sole enzyme. The difference in
activity might be due to different diffusion rates between the substrate and sole LamA and the
fused enzyme, respectively, or to partial denaturation of the SbpA moiety at the high

temperature (i.e., 90°C) applied during the enzyme assay.




Exploitation of the SbpA lattice for ecnzyme immobilization on planar supports

The performance of the S-layer fusion protein upon immobilization on diverse supports,
including silicon wafers and glass slides was investigated (Table 1). Lowry assays of
rSbpA/LamA protein lattices that have been detached from the silicon wafers revealed that
0.004 nmol of rSbpA/LamA occupied a surface area of 1 cm’, which corresponded to the
calculated amount of a tetrameric protein monolayer (four molecules rSbpA/LamA per 171.61
nm?). Monolayer formation was also confirmed by AFM evidence (Fig. 4c). The specific
enzyme activity determined for the rSbpA/LamA lattices recrystallized as a monolayer on a
silicon wafer was 774 U mg_', which matched the specific enzyme activity of sole LamA.
Obviously, alignment of the catalytic epitopes within the fusion protein lattice resulted in
better accessibility for the substrate than when provided as soluble rSbpA/LamA fusion
protein. Generally, immobilization transfers enzymes in a randomly orientated, insoluble state
with a limited reaction space and may lead to partial denaturation at the sites of adhesion to
the support. It is conceivable that with S-layer fusion proteins, the S-layer moiety acts as a

cushion preventing denaturation of the ecnzyme moiety upon immobilization.

Table 1. Enzyme activity (mM/cm?) of S-layer fusion protein rSbpA/LamA and sole enzyme

LamA when immobilized on different solid supports

Planar solid supports LamA® rSbpA/LamA”®
33,123¢ 141,919¢
Silicon wafer 0.1+0.0 6.1+0.4
Epxoy-activated glass slides 3.4+0.1 6.2+0.4
Glas slides 0.4+0.1 6.8+0.1
Membranes
PES membrane 0.1+0.0 5.1+0.2
Cellulose acetate membrane 2.7+0.4 4.8+0.2
Sartobind*Epoxy 75 membrane 13.1+0.3 16.51+0.5
Cellulose membrane 1.1+0.6 11.6+1.3
Polypropylene membrane 0.0+0.0 3.2+0.5

*Sole enzyme LamA was covalently bound to epoxy-activated glass slides and to the Sartobind" Epoxy
75 membrane. On all other solid supports, it was attached adhesively.

®In the absence of Ca’* ions, monomeric rSbpA/LamA was covalently bound in random orientation to
epoxy-activated glass slides. On all other solid supports, crystallized arrays were formed due to the
presence of calcium ions.

“Molecular weight.

“Measurements were performed in quadruplicate and standard deviations were calculated.




Furthermore, LamA and rSbpA/LamA were immobilized in a random fashion on epoxy-
activated glass slides and the enzyme activity of the composites was determined. For direct
comparison with the results obtained for sole LamA, which per se is randomly immobilized,
calcium was omitted for random immobilization of rSbpA/LamA. As expected, rSbpA/LamA
revealed higher enzyme activity than sole LamA, with values being approximately twice as
high (for accurate data including standard deviations, see Tab. 1).

The additional advantage of SbpA as a fusion partner for LamA through provision of a regular
display matrix for the enzymatic function was demonstrated after formation of the
rSbpA/LamA lattice on non-activated glass slides. These composites revealed approximately
twice the glucose release of LamA immobilized on an epoxy-activated glass surface. When
using non-activated glass slides for adhesive immobilization of LamA, the S-layer fusion
protein was even 17-fold more active than sole LamA (Tab. 1). This finding clearly
demonstrates that supports with low binding capacity for an enzyme can be utilized when

applying the S-layer fusion protein approach.

Immobilization of rSbpA/LamA on membranes

Enzyme immobilization on membranes constitutes an interesting area of applied research,
because such microporous composites favor easy flow of substrates and products, and may be
integrated in more complex processes, where combination of a catalytic function with a
conventional filtration function is required. Among the attractive features of enzyme-
immobilized membrane reactors are easy control, straightforward scaling up, prolonged
enzyme activity, high flow rates and reduced costs. For comparative immobilization studies,
rSbpA/LamA and sole LamA were adhesively bound to several commercially available
membrancs and the glucose release per membrane unit area was determined. For all
membranes tested, there was a significantly higher enzyme activity when the rSbpA/LamA
protein was immobilized as opposed to sole LamA immobilization. Best results were obtained
for the polyethylensulfonate (PES) membrane with an approximately 50-fold higher enzyme

activity (Tab. 1).

Effects of temperature and chemicals on the catalytic activity of immobilized
rSbpA/LamA in comparison to sole LamA

S-layer lattices can be stabilized with the homobifunctional cross-linker Dimethyl
pimelinimidate (DMP). Comparative studies on the chemical resistance and temperature

resistance of cross-linked rSbpA/LamA and sole LamA was investigated upon immobilization
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on glass slides. It was crucial to note that cross-linking of the S-layer fusion protein led only
to a 10% reduction of enzyme activity compared to the native (non-cross-linked)
rSbpA/LamA monolayer. When immobilized on glass slides in a cross-linked state,
rSbpA/LamA maintained a much higher enzyme activity upon exposure to 6 M urea and
0.1 M NaOH at 25 °C and to a temperature of 90 °C. Cross-linked rSbpA/LamA withstood
even treatment with 6 M urea for 8 h at 25 °C without loss of enzyme activity (Fig. 5a) and
protein content per square unit. In contrast, LamA covalently bound to epoxy-activated glass
slides showed a rapid reduction of glucose release with retaining only 15% of its original
value under the same conditions.

Investigation of the effect of 0.1 M NaOH, which is commonly used as sanitizing agent, on
the enzyme activity revealed that on glass slides neither native rSbpA/LamA nor covalently
bound LamA was stable at 25°C. The loss of enzymatic activity of rSbpA/LamA
corresponded to desorption of the S-layer moiety from the surface. However, cross-linking
with DMP could retain half of the LamA activity of the S-layer fusion protein after
approximately 30 min of exposure (Fig. 5b).

The rSbpA/LamA protein was also superior to sole LamA when the enzyme activity was
determined upon exposure to 90 °C. The sole enzyme LamA exhibited a half life time of
3.8 h, whereas the S-layer fusion protein retained around half of the enzymatic activity after
40 h (Fig. 5¢). The protective effect of the S-layer moiety prevented the loss of enzymatic
activity, however it could not withstand the temperature exposure itself resulting in gradual
denaturation and desorption from the surface. A protein leakage of 60% was determined after

exposure to 90 °C for 40 h.

&1 100 g1

> 80 > 80 > 80

g 60 § 80 2 60

T 40 o 40 S 40 ]

2 20 2 20 2 20

© © ©

T 0 2 0 3 0

X 00 20 40 60 80 00 02 04 06 08 10 & 00 10.0 20.0 30.0 400
(a) Time (h) (b) Time (h) (© Time (h)

Fig. 5. Comparative stability studies on rSbpA/LamA recrystallized and cross-linked on glass slides
and LamA covalently bound onto epoxy-activated glass slides. Enzyme activity upon exposure to (a) 6
M urea (m rSbpA/LamA, o LamA), (b) 0.1 M NaOH (e rSbpA/LamA, o LamA), and (¢) 90°C (A
rSbpA/LamA, AlLamA). Enzyme activity is given as percentage of original activity of the respective
composite.
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In 20% ethanol, the “stability” of either enzyme system (sole LamA and S-layer fusion
protein) was constant for 14 days, without decrease of enzyme activity. Freeze dried samples
of rSbpA/LamA immobilized on glass slides fully maintained the enzyme activity upon
rewetting, whereas sole LamA covalently bound glass slides revealed a 26% loss of activity
upon regeneration. Autoclaving of both, rSbpA/LamA and LamA coated glass slides

completely abolished the enzyme activity.

Investigation of the operational stability and protein leakage of rSbpA/LamA

The ability of the immobilized enzyme to retain activity after repeated exposure to the analyte
is an important technological aspect of enzymes. The time course of enzyme activity of
recrystallized and cross-linked rSbpA/LamA protein compared to adhesively bound LamA
after repeated use is given in Fig. 6. The S-layer fusion protein retained 31% of its original
enzyme activity after eight cycles within 20 days, whereas the activity of sole LamA dropped
to 10% of its original value, when assayed under identical conditions. With the leakage of the
S-layer fusion protein during recycling studies being only 4%, the S-layer system fulfils the

requirement for separation of the enzyme system from reaction mixtures.

8

8

Fig. 6. Recycling of LamA immobilized as S-
layer enzyme fusion protein (m) on silicon
wafers in comparison to adhesively bound sole
enzyme LamA (o). Enzyme activity is given
as percentage of original activity of the
respective composite.
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To account for the storage stability, which is another important issue for the application
potential of an enzyme, rSbpA/LamA recrystallized on glass slides was stored in MilliQ®
water at 25°C with addition of a preservative and the enzyme activity was monitored over a
period of 3 weeks. During that time, no decrease of enzyme activity of either rSbpA/LamA or

sole LamA was detectable.




b) rSbpA/Lac fusion protein

Laccases belong to a large family of multicopper oxidases capable of oxidizing a wide range
of inorganic and aromatic compounds, while reducing molecular oxygen to water (/0).
Classical laccases are considered to be exclusively associated with plants and fungi. Due to
the much higher thermostability of bacterial laccases, biocatalysts based on these enzymes
may have advantageous properties compared to classical laccases (/7). The laccase Lbhl of
the alkaliphilic Bacillus halodurans C-125 shows laccase-like activity, oxidizing 2,2°-azino-
bis(3-ethylbenz-thiazoline-6-sulfonic acid) (ABTS), 2,6-dimethoxyphenol (DMP) and
Syringaldazine (SGZ). The enzyme shows an alkaline pH optimum with SGZ as the substrate
and is stimulated rather than inhibited by chloride. Since Lbhl is optimally active at alkaline
pH, it may be expected that this enzyme is also less susceptible to inhibition by other anions
(12). The electrocatalytic properties of the laccase Lbhl open up the potential of using this
enzyme for the development of cathodes for enzyme-catalyzed bio fuel cells. Therefore, the
fusion protein rSbpA/Lac, comprising the truncated S-layer protein SbpA of Lysinibacillus
sphaericus CCM 2177, a glycine linker and the C-terminally fused laccase Lbhl, was
constructed (Fig. 7). The aim was to obtain a completely covered electrode with recrystallized
rSpbA/Lac and consequently, an oriented exposed enzyme array on the electrode surface
maximal accessible for the substrate. As alternative strategies, we considered a) an rSbpA/Lac
fusion protein with a cysteine residue introduced at the very N-terminal end of the protein

sequence, as well as b) chemical linkage of the sole laccase to the S-layer lattice.

A
FSBPA,,; 406s/LAC og0.1504(MW = 166 kDa) Bacillus halodurans C-125
31 rSbpAs1.1oes i Laccase Lbh1 |
WFMW um,-
N (1088 aa, 109.8 kDa) c N (50022, 56KDa)
B
rLaccase
W rSbpA Alternative strategy:
3 S S v bl S Production of rSbpA/Lac cysteine
Av_ Ay Ay

— gold surface

Fig. 7. Schematic representation of the fusion protein comprising the truncated S-layer protein
SbpA (rSbpAs;.i068) and the laccase (Lac) combined by a six aa long glycine linker (A).
Alternatively, the fusion protein cyrSbpA/Lac provides a strong interaction with the gold
surface of the electrode mediated by the introduction of a cysteine residue (B).

13




Cloning, expression, isolation and purification of the SbpA/Lac fusion

protein and the sole enzyme
Within the Biocat project, the S-layer/extremozyme fusion proteins carrying S-layer protein

SbpA and the laccase of B. halodurans C-125 (rSbpA/Lac) as well as the sole enzyme were
cloned and heterologously expressed in E. coli (Fig. 8). For the construction of expression
vectors, first intermediate vectors were made by using the primer pairs ShpA37/BamHI-
SbpA ossrev and Ncol-.,SbpA-for/BamHI-SbpA oss-rev (Tab. 2) to generate a fragment of the
spbA gene encoding amino acids 31-1068 of the SbpA sequence and amino acids 31-1068
with an introduced N-terminal cysteine residue (cys31-1068) of the SbpA sequence, and
cloning it into the Ncol and BamHI sites of pET-28a(+). The template for adding the sequence
encoding the six amino acids long linker (5’-GGA TCC GGT GGG GGA GGG-3’) via the
primer pair BamHl-Linker6Lac-for/Notl-lac-rev (Tab. 2) was obtained by amplifying the
laccase nucleotide sequence with the primer pair Lac-for/Notl-lac-rev (Tab. 2). During PCR,
the restriction sites BamHI1 and Notl were introduced at the 5° and 3’ ends, respectively.

For expression, all recombinant plasmids were established in E. coli BL21 Star'™ (DE3)
(Invitrogen). After induction of gene expression by the addition of isopropyl-B-D-
thiogalactopyranoside (IPTG), samples of cultures from £. coli BL21 Star'™ (DE3) were
taken at distinct points of time and analyzed by SDS-PAGE (Fig. 8 and 9). The proteins could
be isolated from the insoluble cytoplasmic fraction and purified by gel-permeation
chromatography (GPC) (Fig. 9, 10 and 11).

Table 2. Oligonucleotide primers used for amplification in PCR; underlined: overhang, bold:

restriction sites, italicized: start and stop codon

L8l

Primer Primer Sequence 510 3'

Lac-forw ATGAAAAAATCATATGGAGTGAT

BamHI-LinkersLac-forw  CGCGGATCCGGTGGGGGAGGGATGAAAAAATCATATGGAGTGAT

Notl-Lac-rev GGCCGCGGCCGCTTACTCAGGCATATTTGGAAT
SbpA37 Ik ez al. 2002

Ncol-¢,,SbpA-for CGGAATTCCATGGCGCAAGTAAACTGCGACTATAAC
BamHI-SbpA jps5-rev CGCGGATCCTTCTGAATATGCAGTAGTTGCTGC
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Fig. 8. SDS-PAGE analysis and Coomassie staining of SDS extracts from E. coli BL21
Star™ (DE3) expression cultures containing (A) the pET28a/shpA/lac gene construct before
(lane a), and 1, 2 and 3 h after induction of shpA/lac expression (lanes b, ¢ and d).

™

(B) SDS-PAGE patterns of whole-cell extracts of E. coli BL21 Star' ™ (DE3) containing the
pET28a/lac gene construct before (lane a), and 2 and 3 h after induction of /ac expression
(lanes b and c). Selected molecular masses are given in kDa.
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Fig. 9. SDS-PAGE analysis and
Coomassie staining of SDS extracts
from E. coli BL21 Star'™ (DE3)
expression cultures containing the
pET28a/,,,sbpA/lac  gene construct
before (lane a), and 1, 2 and 3 h after
induction of sbpA/.lac expression
(lanes b, ¢ and d). Lane e: isolated
cysSbpA/Lac fusion protein.

Fig. 10. SDS-PAGE analysis and
Coomassie staining of SDS extracts from
the laccase and the rSbpA/Lac fusion
protein after isolation (lanes a and c) and
GPC (lanes b and d). Selected molecular
masses are given in kDa.




\ Fig. 11. Purification of rSbpA/Lac

\ by gel permeation chromatography.

The protein bands demonstrate the

\ purified proteins in the respective
pooled fractions
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Determination of the enzymatic activity of the laccase and rSbpA/Lac
Specific enzyme activity of the laccase and the fusion proteins was determined for different
substrates: 2,6-Dimethoxyphenol (DMP, €443=14,800 1 mol! cm"), Syringaldazine (SGZ,
£530=64,000 1 mol”’ cm™), 2,2-azino-bis(3-ethylbenz-thiazoline-6-sulfonic acid) (ABTS,
£420=38,000 1 mol' c¢cm™) and Hydrochinone (HQ). Control measurements without the
respective protein were performed to correct a possible chemical oxidation of the substrates.
Quantification of enzymatic activity was done under different conditions (pH, temperature
and buffer). The pH of the buffers used in the assays was adjusted to 30°C, 40°C and 45°C,
respectively. Spectrophotometrically, as well as electrochemically, the highest specific
laccase activity of the S-layer fusion protein in solution was determined for pH 7.5 to 7.6 at
45°C, indicating that fusion of the extremozyme to the S-layer did not influence the
enzymatic properties of the laccase (Tab. 3). The specific activity of rLac as well as
rSbpA/Lac increases with temperature. Remarkably, the rSbpA/Lac fusion protein showed 10
x higher solubility at RT than sole rLac.

Preparation of the proteins for the activity assays

The lyophilized proteins (rLac and rSbpA/Lac) were dissolved in 7 M guanidine
hydrochloride (GHCl) in 50 mM Tris/HCI buffer (pH 7.2) and dialysed against Aqua
purificata (A. purif.; Milli-Q grade; resistance, > 18.2 MQ cm'l) containing 1 mM copper
sulphate. In order to get rid of the copper in the protein solution, an additional dialysis step
against A. purif. was done. Precipitated protein was removed by centrifugation and the protein
concentration in the clear supernatant was determined by UV absorbance at 280 nm using the

sequence-derived extinction coefficient.
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Spectrophotometric measurements: rSbpA/Lac and rLac in solution

The reaction mixture (100 mM MOPS buffer, supplemented with 100 mM NaCl and the
respective protein solution) was pre-incubated at 30°C or 45°C. The reaction was started by
adding the substrate to a final concentration of | mM (DMP and ABTS) or 22 uM (SGZ) (/2).
After incubation for S minutes, the concentration of the oxidized substrates was calculated
using a photometer adjusted to the respective wavelength. 50 mM Citrat buffer was used in the
reaction mixture for the determination of the activity with ABTS as the substrate.

First, a screening in order to determine the best conditions for the activity tests were performed
(Fig. 12a). Subsequently, the main studies were carried out with DMP, because it turned out to

be the most efficient substrate for this laccase and the fusion protein (Tab. 3A) (/2).

Stability tests: proteins in solution
Investigation of storage stability revealed that soluble rLac as well as rSpbA/Lac stored in A.
purify. at 4°C retained 70% of its original enzyme activity after two weeks and 20% of its

original activity after eight weeks.

Electrochemical measurements: rSbpA/Lac and rLac in solution

Hydroquinone is a preferred substrate of the laccase and its digestion is electrochemically
quantifiable by linear sweep voltammetry. Laccase oxidizes hydroquinone to quinone by
releasing two protons and two electrons. In the presence of oxygen, the enzyme forms water.
First of all the temperature (RT and 40°C) as well as the pH (pH 6 to 7.8) were varied (Fig.
12b). This screening work was carried out on so-called screen-printed clectrodes (Drop Sens).
The working electrode was gold, the reference electrode silver and the counter electrode
platinum. All experiments were performed in potassium phosphate buffer (20 mM) with 100
mM sodium chloride at various pH. The applied stepwise (10 mV/s) potential of the
voltammograms started from 0 and ended at 0.4 V. The occurring current peak (0.2 to 0.25 V)
was evaluated in the absence and in the presence of laccase in solution (/3). The competiti<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>