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Abstract

We report an enzymatic end-point modification and immobilization of recombinant human
thrombomodulin (TM), a cofactor for activation of anticoagulant protein C pathway via thrombin.
First, a truncated TM mutant consisting of epidermal growth factor-like domains 4-6 (TMysg)
with a conserved pentapeptide LPETG motif at its C-terminal was expressed and purified in E.
coli. Next, the truncated TMysg derivative was site-specifically modified with N-terminal
diglycine containing molecules such as biotin and the fluorescent probe dansyl via sortase A
(SrtA) mediated ligation (SML). The successful ligations were confirmed by SDS-PAGE and
fluorescence imaging. Finally, the truncated TMysg was immobilized onto N-terminal diglycine-
functionalized glass slide surface via SML directly. Alternatively, the truncated TMysg was
biotinylated via SML and then immobilized onto streptavidin-functionalized glass slide surface
indirectly. The successful immobilizations were confirmed by fluorescence imaging. The
bioactivity of the immobilized truncated TMysg was further confirmed by protein C activation
assay, in which enhanced activation of protein C by immobilized recombinant TM was observed.
The sortase A-catalyzed surface ligation took place under mild conditions and is rapid occurring in
a single step without prior chemical modification of the target protein. This site-specific covalent
modification leads to molecules being arranged in a definitively ordered fashion and facilitating
the preservation of the protein’s biological activity.

Introduction

Immobilization of protein onto solid surfaces is widely used in the preparation of functional
protein microarrays, in the development of protein-based bioassays, biosensors, and for
medical devices surface functionalization, and various other applications.! The success of all
these technologies relies on the immobilization technique employed to attach a functional
protein to the corresponding surface. Non-specific physical adsorption or chemical cross-
linking with appropriate surfaces results in the immobilization of the protein in random
orientations and with reduced activity. Thrombomodulin (TM) is an endothelial integral
membrane protein and acts as a major cofactor in the protein C anticoagulant pathway.?
When bound to TM on the endothelial surface, thrombin is unable to activate fibrin
generation or activate platelets. Instead, it becomes a potent activator of protein C.
Subsequently, the activated form of protein C (APC), an anticoagulant protease, selectively
inactivates coagulation factors Va and VIllla, providing an essential feedback mechanism in
preventing excessive coagulation. Therefore, TM serves as an excellent target for the
engineering of antithrombogenic surfaces for cardiovascular biomaterials by immaobilizing
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TM.3 In the past decade, several groups have covalently immobilized TM onto polymeric
surfaces for generating antithrombogenic materials. Kishida et al. conjugated recombinant
human thrombomodulin to both aminated and carboxylated surfaces, including poly(vinyl
amine) and poly(acrylic acid) surface-grafted polyethylene, and a surface-hydrolyzed
poly(ether urethaneurea).-6 Similarly, Vasilets et al. immobilized TM onto poly(acrylic
acid) surface-grafted PTFE.” Alternatively, Cutler et al. physically adsorbed and crosslinked
soluble human TM onto small-caliber ePTFE grafts and reported promising short-term
antithrombotic results in vivo.8 Other investigators, such as Sperling et al. and Han et al.
have tethered TM to surfaces by using polyethylene glycol spacers.®10 However, many of
these methods may negatively impact activity of the TM due to harsh conjugation conditions
possibly leading to protein denaturation and random-site conjugation leaving limited
accessibility to the active region of the protein, both potentially hampering the desired
bioactivity. The latter issue resulting from common conjugation techniques has been
reported in studies where the cofactor activity of human TM for protein C activation
decreases upon immobilization due to the potential conformation variation caused by the
random covalent immobilization.10

In order to generate the stable, functional, homogeneous, and oriented protein
immobilization, attention has focused on methods that enable the efficient and site-specific
covalent immobilization of recombinant proteins. Recently, a short TM construct containing
epidermal growth factor (EGF)-like domains 4-6 with an azide-functionalized methionine
analogue as a C-terminal linker was synthesized in E. coli for site-specific immobilization of
the recombinant TM derivative at the C-terminus through click chemistry! and Staudinger
ligation.12 Incorporation of azide-functionalized amino acids into proteins in vivo provides
opportunities for protein modification under native conditions and selective labeling of
proteins in the intracellular environment. However, the expression yield for recombinant
protein with non-natural amino acid incorporation is generally too low for protein
modification and practical applications. Also, the incorporation of non-natural amino acids
involves complicated and time-consuming molecular biology procedures.

Enzymatic post-translational modifications have recently provided robust tools for covalent
protein conjugations. For example, sortase A (SrtA) has been studied extensively for protein
ligation applications.13 Sortase A, a transpeptidase from S. aureus, is present on the plasma
membrane and catalyzes a cell wall sorting reaction that attaches surface proteins to the cell
wall envelope.1# SrtA recognizes substrates containing a pentapeptide LPXTG motif (X
being any amino acid) and cleaves the amide bond between the Thr and Gly residues with an
active site cysteine to generate a covalent acyl-enzyme intermediate. The carboxyl group of
Thr of the thioester intermediate is then attacked by the amino terminus of an oligoglycine
nucleophile, resulting in the formation of a native covalent peptide bond.15-18 The
advantage of sortase-mediated ligation (SML) is that the reaction takes place in a site-
specific manner under mild conditions and occurs rapidly in a single step without prior
chemical modification of the target protein. Employing such a strategy, we report an
enzymatic end-point modification and immobilization of recombinant TM via SML. Briefly,
a truncated TM mutant consisting of epidermal growth factor-like domains 4-6 (r'TMysg)
with a conserved pentapeptide LPETG motif at its C-terminal was expressed and purified in
E. coli, which is for SML with N-terminal oligoglycine-containing molecules. It has been
shown that LPETG is the optimal isoform of the LPXTG motif.1® Two strategies for site-
directed immobilization of recombinant TM via their C-terminus to different solid supports
were demonstrated (Figure 1). First, the rTMysg was biotinylated via SML and then
immobilized onto streptavidin-functionalized glass slide surfaces. Second, the rTMysg Was
immobilized onto N-terminal diglycine-functionalized glass slide surfaces via SML directly.
The bioactivity of immobilized rTMysg was further confirmed by protein C activation assay,
which showed enhanced protein C activation. Overall, sortase A-catalyzed surface ligation is
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mild, rapid, and occurs in a single step without prior chemical modification of the target
protein. Site-specific covalent attachment leads to molecules being arranged in a definite,
orderly fashion and allows the use of spacers and linkers to help minimize steric hindrances
between the protein and the surface thus facilitating the protein’s stability and biological
activity. Since TM is a transmembrane glycoprotein of the endothelium of blood and
lymphatic vessels and the basis of a major natural anticoagulant system, the reported
strategies should provide an ideal approach for the engineering of antithrombogenic surfaces
for cardiovascular biomaterials, minimizing incompatibility and thrombosis.

Materials and methods

Materials

All solvents and reagents were purchased from commercial sources and were used unless
otherwise noted. Human protein C, human thrombin and human antithrombin 111 were
obtained from Haematologic Technologies Inc., Chromogenic thrombin substrate
BIOPHEN-CSO01 was obtained from Aniara, and the DNA fragments encoding the TM
derivative and sortase A were synthesized by Genscript Inc..

Synthesis of diGly-Biotin and diGly-Dansyl

A solution of Biotin ethylenediamine (36 mg, 0.129 mmol, Sigma) in 1 mL dry DMF was
treated with triethylamine (0.1 mL, 0.71 mmol) and allowed to stir at room temperature for
30 min. The solution was then added to a solution of Z-Gly-Gly-p-nitropheny! ester (100
mg, 0.258 mmol, Sigma) in dry DMF (4 mL) via syringe. The reaction mixture was stirred
for 24 h at room temperature under Arg) and then concentrated under vacuum to give a
residue, which was then dissolved in MeOH (10 mL) to which 50 mg of Pd/C (10% wt.) was
added. The reaction solution was degassed under vacuum and then backfilled with hydrogen
gas via a hydrogen gas balloon and stirred for 6 h at room temperature. Finally, the reaction
solution was filtered to remove the Pd/C (10% wt.) catalyst and the filtrate was concentrated
to give a residue, which was purified by silica gel column using chloroform/methanol (5:1)
as elutent to afford diGly-biotin (36 mg, 70%). IH NMR (D,0) d: 4.39 (m, 1 H, CH-1-
Biotin), 4.19 (m, 1 H, CH-4-Biotin), 3.87 (s, 2H, CH,-Gly), 3.73 (s, 2H, CH,-Gly), 3.39 (t,
2H, CH,CHy), 3.13 (t, 2H, CH,CHy), 3.60 (dd, 1 H, CH-Biotin), 2.91 (m, 1H, CH-Biotin),
2.79 (dd, 1 H, CH-Biotin), 2.60 (m 1 H, CH-Biotin), 2.06 (t, 1 H, CH2CO-Biotin), 1.53,
1.43,1.22 (m, 6 H, (CH5)3-Biotin). Under similar reaction conditions, diGly-Dansyl was
synthesized from Z-Gly-Gly-p-nitrophenyl ester (100 mg, 0.258 mmol, Sigma) and Dansyl
ethylenediamine (38 mg, 0.129 mmol, Sigma) in 73% (40 mg). 1H NMR (D,0) §: 8.34 (d,
1H, aromatic), 8.09 (m. 2H, aromatic), 7.55 (m, 2H, aromatic), 7.26 (m, 1H, aromatic), 3.58
(s, 2H, CH»-Gly), 3.37 (s, 2H, CH»-Gly), 3.02 (t, 2H, CH,CH>), 2.91 (t, 2H, CH,CH,), 2.71
(s, 6H, CH3x2).

Synthesis of Gly-Gly-modified glass slides

Several pre-cut pieces of the amine-coated glass slide were placed in a small recystallization
dish. To the dish was added 10 mL of an incubation solution of ~ 20 mM Z-GG-p-
nitrophenyl ester in dry DMF and then 5 drops of triethylamine (EtsN) was added. The dish
was then immediately covered and placed on a mechanical shaker to shake gently overnight
at room temperature. After 24 h, the slides were removed from the incubation solution and
sequentially rinsed with EtOH, doubly distilled H,O, EtOH again and then blown dry with
argon gas.

To deprotect the Z-group at the N-terminus of the diglycine residues, the newly
functionalized glass slides were gently placed into a 100 mL round bottom flask turned on
its side. To the flask was added 8 mL of a 3:1 Methanol/H,0 solution and ~ 5 mg of Pd/C
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(109% wt). A 3-way stopcock with a hydrogen balloon was then attached to the flask. Prior to
introducing H, gas into the vessel, the air was slowly evacuated while slowly flushing with
argon gas over a period of ~ 5 min. After the air was removed, H, gas was introduced into
the system and the flask was set on a mechanical shaker to shake gently for 5 h at room
temperature performing hydrogenolysis of the benzyl carbamate-protecting group. Then, the
vessel was flushed with argon to remove the excess H, and the slides were then removed
and rinsed with a 1:1 methanol/H,0 solution. The slides were then blown dry with argon gas
and set into a plastic container to be stored in a 4-8 °C refrigerator until further use.

Expression and purification of TMysg fusion protein

The gene encoding the EGF domain 4-6 of human thrombomodulin (corresponding to
residues 345-473) with a C-terminal LPETG motif and an N-terminal human Factor Xa
cleavage site (IEGRS) was designed and synthesized (Genscript Inc.). In order to prevent
oxidation and reduce proteolytic susceptibility, three residues of TM were mutated (M388L,
R456G and H457Q) as described before20 (See Supporting Information for protein
sequence). The gene fragment was then inserted into the Ncol-BamHI sites of the pET39b
vector to get the new expression plasmid, pET39b-TMysg. This new construct was
transformed in E. coli BL21 (DE3) and grown at 37°C to an OD (600 nM) of 0.8. Protein
expression was induced by the addition of IPTG to a final concentration of 1 mM, and the E.
coli culture was incubated overnight at 25°C. The bacteria were then centrifuged at 6,000 g
for 10 min and the pellet was then resuspended in 40 mL of lysis buffer (20 mM Tris and
150 mM NaCl, pH 8.0) and following lysis by sonication, the extract was then loaded onto a
5 mL HiTrap Chelating column (GE Healthcare) charged with Ni2* ions and eluted with 20
mM Tris, 0.5 M NaCl and 250 mM imidazole, pH 8.0. The chromatographic fractions were
analyzed by 12% gradient SDS-PAGE gel electrophoresis and visualized by western blot
analysis using mouse monoclonal antibody towards human TM. The nitrocellulose
membrane was developed using the ECL plus western blotting detection kit (Amersham
Biosciences, U.K.). Pooled fractions containing recombinant TM were collected and then
dialyzed against 20 mM Tris and 150 mM NacCl, pH8.0, and lyophilized to afford DsbA/
LPETG-tagged TMgysg fusion protein (dITMysgF). FXa cleavage removed the fusion DshA
tag and generated the target LPETG-tagged TMysg fusion protein (ITM456F).

Expression and purification of soluble SrtA

Soluble SrtA with a C-terminal His6-tag was expressed and purified from E. coli BL21,
briefly, the gene encoding S. aureus COL SrtA-AN59 (residues 60—206) was inserted into
Ncol-Xhol sites of pET28b vector. The plasmid pET28b-SrtA was transformed into E. coli
BL21 (DE3). The cells were grown in LB medium to an OD (600 nm) of 0.8 at 37°C,
protein expression was induced by the addition of IPTG to a final concentration of 0.5 mM.
After growth for an additional 4 h at 37°C, the cells were harvested by centrifugation and
resuspended in 40 mL lysis buffer containing 20 mM Tris and 250 mM NaCl, pH 8.0, and
lysed by sonication. The extract was centrifuged at 20,000 g for 20 min, and the supernatant
was applied onto a 5 mL HiTrap Chelating column (GE Healthcare) charged with Ni2* ions
and eluted with 20 mM Tris, 0.5 M NaCl and 250 mM imidazole, pH8.0. The pooled
fractions containing rSrtA were collected and then dialyzed against 20 mM Tris and 150
mM NaCl, pH 8.0, and stored at —80°C until use.

C-terminal covalent modification of TMysg fusion protein via SML

dITMysgF (10 pM) was mixed with SrtA (5 uM) and biotin/dansyl modified diglycine
nucleophiles (100 uM) in reaction buffer (20 mM Tris, 150 mM NaCl and 5 mM CaCl,, pH
8.0), the reaction mixture was then incubated at 37°C for 6 h. For further immobilization
reactions, unreacted diglycine nucleophiles were removed by dialysis against 20 mM Tris
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and 150 mM NacCl, pH 8.0. In order to detect the TMysg conjugates, the reaction mixtures
were loaded on SDS-PAGE and analyzed by fluorescence imaging or under UV light.

0G488 labeling of TMysg fusion protein

dITMys6F was labeled with Oregon Green 488 (OG488) succinimidyl ester (Molecular
Probes, Inc). Briefly, to a solution of 150 uL of carbonate-bicarbonate buffer (pH 9.0), 50
uL of OG488 solution (10 mg/mL in DMSO) was added, followed by 150 uL aqueous
dITMyseF solution (2 mg/mL). The mixture was gently vortexed at room temperature in the
dark for 2 h. After the coupling reaction, the unreacted OG488 was removed by dialysis
using centrifuge filter devices with a cutoff molecular weight of 10,000 Da to afford
0G488-labeled leM456F.

End-point immobilization of TMyse fusion protein onto solid supports

For immobilization of biotinylated dITMysgF, the mixture containing biotinylated OG488-
dITMysgF from above was incubated with Streptavidin coated glass slides (1x2 cm,
Xenopore, Hawthorne, NJ) at 37°C for 1 h, the glass slides were then rinsed with PBS (pH
7.4) for 1 h to remove any unbounded proteins. Surface-bound OG488-labeled dITMysgF
was further detected by fluorescence image at EX/EM = 480/520.

For direct immobilization of dITMysgF via SML, OG488-labeled dITMysgF (2 M) was co-
incubated with SrtA (1 uM) and diglycine-coated glass slides (1x2 cm) in reaction buffer
(20 mM Tris, 150 mM NaCl and 5 mM CacCls, pH 8.0) for 16 h at room temperature. Then
the glass slides were removed from reaction buffer and were washed with the PBS (pH 7.4)
for 1 hr to remove unreacted dITMysgF prior to measuring TM activity. The successful
immobilization was confirmed upon examining the fluorescence image of OG488-labeled
dITMysgF (EX/EM = 480/520 nm)

Protein C activation activity assay of immobilized TMysg fusion protein

The cofactor activity of immobilized dITMysgF was assessed by protein C activation assay
as previously described with some modification.10 The dITMgsgF-immobilized glass slide
(1x2 cm) was placed in a 6-well plate and immersed by 3 mL of assay buffer (20 mM Tris,
150 mM NaCl and 5 mM CaCl,, pH 8.0) containing 300 nM of Human protein C, reaction
was initiated with the addition of human a-thrombin to a final concentration of 10 nM. After
incubation for 2 hrs at 37°C with shaking, the protein C activation was terminated by
addition of 30 uL human antithrombin 111 (1 mg/mL) and 2 uL heparin (10 U/mL) and
further incubated for 5 min at 37°C. The enzymatic activity of activated protein C was
measured by the addition of chromogenic substrate H-D-Phe-Pip-Arg-pNa, 2HCI (0.5 mM),
after 20 min incubation, the change in absorbance at 405 nm was measured.

Results and Discussion

Expression of TMysg fusion protein and recombinant SrtA

TM is membrane protein and is composed of five distinct domains: an NH»-terminal
domain, a domain containing six epidermal growth factor (EGF)-like structures, an O-
glycosylation site-rich domain, a transmembrane domain, and a cytoplasmic domain. It has
been reported that the region including the fourth, fifth, and sixth EGF-like structures (EGF
4-6) is the minimum domain required for protein C-activating cofactor activity and the
protein’s subsequent anticoagulant activity?122 In this study, a fragment containing the last
three consecutive EGF-like domains 4-6 of human TM (TMysg) was chosen as the target
protein to test the enzyme-mediated ligation using various substrates, such as biotinylation,
fluorophore labeling and immobilization. To closely mimic the TM structure as it appears at
the cell surface and consequently preserve its antithrombotic bioactivity, we investigated the
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site-specific immobilization of the recombinant TM at the C-terminus via SML (Scheme 1).
In order to reduce steric effects and increase the flexibility of C-terminal LPETG motif,
eight hydrophilic amino acids at the C-terminal of EGF4—6 of the native TM (KVDGGDSG,
corresponding residue 465-472) were retained (Figure 2A). Also, a LPETG-His6 tag was
genetically fused to the C-terminal of TMys5g. The gene construct was synthesized and
inserted into expression vector pET39b. Vector pET39b-TMysg was constructed for
expression of an N-terminal DsbA/LPETG-tagged TMysg derivative with two His6 tags at
both termini (dITMysgF) (Figure 2A). Protein expression was conducted in the E. coli
culture overnight at 25°C. Purified dITMysgF (~55 kDa) was analyzed by SDS-PAGE
(Figure 2B), and further confirmed by western blot (Fig. 2C) and protein C activation assay
(Figure 4B and Figure 5B). Treatment with Factor Xa removed the DsbA fusion tag (~33
kDa) and generated the target ITMysgF (~22 kDa, Figure 2B and 2C). Since the SrtA
reaction is highly specific, the reaction can take place even in the presence of impure
protein, with the exception of impure protein containing N-terminal oligoglycine, thus the
use of the impure target TMysg after fusion tag removal was acceptable. In this study,
dITMysgF was used for the reason that there are 21 lysine residues in DsbA-tagged TMysg
which can be more efficiently labeled by OG488 succinimidyl ester compared with only one
lysine residue in ITMysg.

Wild type SrtA is a polypeptide of 206 amino acids with an N-terminal membrane-spanning
region, therefore the full-length SrtA is difficult to purify in sufficient amounts. However,
truncated SrtA protein with 59 N-terminal amino acids deleted (SrtA-AN59), which encode
outer-membrane region of wild type SrtA, was readily expressed and purified as a soluble
protein. SrtA-AN59 have been expressed and used in previous studies since it retains the
same transpeptidation activity as the full-length SrtA enzyme.1>17 Expression vector
pET28b-SrtA was constructed for expression of soluble SrtA with a His6 tag at its C-
terminal. The proteins were expressed in E. coli cells and in one step, purified in large
amounts. The transpeptidation activity of SrtA was verified by penta-glycine and sortase
substrate Abz-Leu-Pro-Glu-Thr-Gly-Lys(Dnp)-NH- (Anaspec) (Supporting Information).

Site-specific modification of TMysg fusion protein with diGly-biotin and diGly-dansyl via

SML

With dITMysgF and SrtA in hand, site-specific modification of dITMysgF with N-terminal
oligoglycine-containing molecules via SML was investigated. Although single glycine at the
N-terminus of nucleophile is sufficient for sortase-catalyzed transpeptidation, it has been
reported that maximum reaction efficiency is generally obtained with substrates in which
two or more glycines are incorporated, the addition of any more glycines having no
significant effect on the reaction ratel® Therefore, diglycine was chosen as the nucleophile
in our study. Two kinds of diglycine-containing molecules, diGly-Biotin and diGly-Dansyl,
were prepared for site-specific modification of dITMysgF via SML (Figure 3). DiGly-Biotin
and diGly-Dansyl were synthesized in two steps, first amidation of Biotin-ethylenediamine
and Dansylethylenediamine with commercially available Z-Gly-Gly-p-nitropheny! ester
(Sigma) followed by removal of the Z-protection group under hydrogenation conditions,
respectively (Scheme 1). The resulting compounds were characterized by *H NMR and
FTIR spectroscopy. In the same reaction process, diglycine-functionalized glass slides were
also prepared from amine functionalized glass slides (Xenopore, Hawthorne, NJ) for
dITMysgF immobilization via SML as depicted below (Scheme 1).

To investigate whether the LPETG moiety in the dITMysgF was reactive toward diglycine,
dITM4s6F was mixed with SrtA and diGly-Biotin in the presence of Ca2* following the
conditions mentioned in methods section of this paper. The products were analyzed by SDS-
PAGE. Within the gel, it was very difficult to observe the band migration of the biotinylated
product due to the minute change in molecular weight of dITMysgF conjugate (less than 1
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kDa). Therefore, the gel was incubated with a Bodipy-labeled streptavidin (Sigma) solution,
allowing the biotinylated dITMysgF to be visualized by fluorescence scanning imaging,
whereas no unbiotinylated dITMysF was observed in the absence of SrtA in the control
reaction (Figure 3Ab). Furthermore, dansylation of the dITMysgF via SML was conducted
successfully under the same conditions as biotinylation. Protein sample was separated by
electrophoresis, and dansyl labeling was verified by visualizing the fluorescent bioconjugate
under UV light (Figure 3Bb). Overall, these results indicated that the LPETG moiety at the
C-terminal of dITMysgF can be site-specifically modified with diglycine-containing
molecules via SML.

End-point immobilization of TMy5g fusion protein via SML

Streptavidin/biotin-based protein immobilization has been widely used for functional surface
fabrication.23 In this study, immobilization of biotinylated TM456 onto a streptavidin-
covered glass slide surfaces was investigated first. dITMysgF was pre-labeled with Oregon
green 488 (0G488) before biotinylation. The reaction mixture containing biotinylated
dITMyseF from above was incubated with streptavidin-coated glass slides (Xenopore,
Hawthorne, NJ) in PBS (pH 7.4) buffer for 1 h at room temperature. Then the glass slides
were removed from the reaction solution and washed with PBS buffer for 1 h to remove
unreacted dITMysggF prior to measuring TM activity. The successful immobilization was
confirmed by the fluorescence image of OG488 labeled dITMysgF (Figure 4Ab), while no
fluorescence image was observed with dITMysgF without biotinylation (Figure 4Aa). Next,
the biological activity of the immobilized dITMysgF was accessed via the activation of
human protein C. Figure 4B showed the absorbance variation of the chromogenic substrate
at 405 nm for different glass slides. In order to compare the relative activity of immobilized
dITMyseF with free dITMysgF, activities of various concentrations of free dITMysgF were
measured under the same conditions, respectively. As a result, the dITMyggF-immobilized
glass slides exhibited a protein C activation-promoting capability comparable to that of 2-3
ug of free dITMysgF in this analysis with the surface areas of the covered glass substrates
being ~2 cm2. By contrast, the precursor streptavidin-glass slide, which was pre-incubated
with a mixture of dITMysgF without biotinylation, did not enhance the protein C activation
to any degree above that of 1 pg of free dITMysgF. These results indicated that biotinylated
dITMyseF from a mixture of proteins can be efficiently and selectively immobilized onto
streptavidin or avidin coated solid supports. The biotin-mediated immobilization strategy
has its advantages and disadvantages. For example, the protein biotinylation reaction is more
effective than direct protein-surface reaction due to the small molecule weight of diGly-
biotin with a less steric hindrance. However, streptavidin-biotinylated protein interaction
might be hindered due to the protein size. Also, streptavidin immaobilization is costly and
thus is not ideal for practical applications for applications in the future.

Finally, direct site-specific immobilization of dITMysgF onto diglycine derivatized glass
slides via SML was investigated. The diglycine functionalized glass slides obtained above
was used for the SML. In this experiment, Z-group protected diglycine-glass slides (Figure
5Ab) were used as control. The successful immobilization was confirmed by fluorescence
image (Figure 5Ac). The protein C activation activity of immobilized dITMysgF was then
further evaluated. The absorbance variation of the cleaved chromogenic substrate at 405 nm
is shown in Figure 5B. dITMysgF-immobilized glass slides generated a tremendous amount
of APC, compared to the control diGly slides treated without SrtA and Z-protected diglycine
glass slides (Figure 5B). The relative activity of dITMysgF immobilized glass slides was
approximately that 1-2 pg of free dITMysgF as determined under the same conditions as
above. The results confirmed that in the presence of SrtA, dITMysgF can be site-specifically
immobilized onto oligoglycine derivatized glass slides directly and exhibit protein C
activation-promoting capabilities approximate to that of 1-2 ug of free dITMysgF. Overall,
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the SrtA-mediated surface ligation was capable of being performed under mild conditions,
occurring rapidly in a single step without any prior chemical modification of the target
protein. Importantly, the site-specific covalent attachment leads to molecules being arranged
in a definitively ordered fashion and thus facilitates protein’s biological activity.

Conclusion

We have designed and expressed a truncated TM mutant consisting of epidermal growth
factor-like domains 4-6 (EGF 4-6) with a conserved pentapeptide LPETG motif at its C-
terminal for end-point immobilization via SML. The SML provides a convenient and mild
approach to the covalent linkage of LEPTG tagged TM to small molecules or solid supports.
The TMysg was successfully immobilized onto a diglycine modified glass slide surface by a
single-step reaction scheme via SML, and biotinylated TMy5g was successfully immobilized
via streptavidin-biotin interaction. The sortase-mediated immaobilization method presented
here has several advantages over traditional methods. First, chemo-and bio-orthogonal
immobilization provides a simple and convenient route to uniform protein immobilization in
short times creating dense surface coverages. Second, mild immobilization conditions and
even low temperatures minimize chances of protein denaturation. Finally, direct
immobilization of recombinant proteins from crude cell lysates makes it feasible to fabricate
protein arrays in high throughput fashion by eliminating time-consuming and costly
purification steps. As TM is a transmembrane protein of the endothelium of blood and
lymphatic vessels and the basis of a major natural anticoagulant system, the reported
strategies provide an ideal mimetic approach for the engineering of antithrombogenic
surfaces for cardiovascular biomaterials minimizing incompatibility and thrombosis.
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Figure 1.

[llustration of endothelial thrombomodulin (TM) and site-specific end-point immobilization
of LPETG-tagged recombinant thrombomodulin (rTMysg) through Sortase A-Mediated
Ligation (SML). EGF: Epidermal Growth Factor-like domain.
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Figure 2.

Structure of DsbA/LPETG-tagged TMysg fusion protein (dITMysgF) (A), its SDS-PAGE
characterization (B): Lane 1. purified dITMysgF, Lane 2. dITMysgF incubated with human
Factor Xa, Lane 3. purified SrtA-AN59, Lane 4. molecular makers, and Western blot
analysis (C): Lane 1. purified dITMysgF, Lane 2. dITMysgF incubated with human Factor
Xa.
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(a)

(b)

SrtA mediated site-specific biotinylation and dansylation of dITMysgF: A. reactions between
dITMysgF (10 pM) and GG-Biotin(100 pM) in the presence or absence of SrtA (5 uM)
analyzed by SDS-PAGE (a) and fluorescence scanning imaging of biotinylated dITMysgF
confirmed by incubation of SDS-PAGE gel with Streptavidin-Bodipy (EX/EM=480/520)
(b); B. Reactions between dITMysgF and GG-Dansyl in the presence or absence of SrtA,
Reaction mixtures were analyzed by SDS-PAGE (a) and its photo image for Dansyl-labeled
dITMysgF taken under UV light (b).
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Figure 4.
A. Fluorescence images of Streptavidin-coated glass slides incubated with (a) OG488-

labeled dITMysgF and (b) biotinylated OG488-labeled dITMys56F (EX/Em=480/520). B.
Protein C activation assay for (e) streptavidin-glass slide pretreated with dITMysgF in the
presence of SrtA; (o) streptavidin-glass slide pretreated with biotinylated dITMysgF in the
presence of SrtA; (V) 1 pg of free dITMysgF; (A)2 ug of free dITMysgF and(m)3 pg of free
dITMysgF measured in the same assay condition for immobilized dITM456F.
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A. Direct immobilization of dITMysgF via SML. OG488-labeled dITMysgF in 20 mM Tris,
150 mM NaCl and 5 mM Ca?*, pH8.0 was incubated with (a) diglycine plate without SrtA;

(b) Z-group protected diglycine plate and SrtA, and (c) diglycine plate and SrtA,

respectively. OG488 was detected by fluorescence image (EX/EM=480/520). B. Protein C
activation assay of (e) diglycine plate pretreated with dITM456F without SrtA; (o) Z-group
protected diglycine plate pretreated with dITM456F and SrtA; (¥ )diglycine plate pretreated
with dITMysgF and SrtA; (A)1 ug of free dITM456F;(m)2 ng of free dITMysgF, and (o) 3
ug of free dITMysgF measured in the same assay condition for immobilized dITMysgF.
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Scheme 1.
Synthesis of diGlycine containing Biotin, Dansyl and glass slide conjugates.
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