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ABSTRACT: Recombinant glycosyltransferases are potential biocatalysts for the construction of a compound
library of oligosaccharides, glycosphingolipids, glycopeptides, and various artificial glycoconjugates on the
basis of combined chemical and enzymatic synthetic procedures. The structurally defined glycan-related
compound library is a key resource both in the basic studies of their functional roles in various biological
processes and in the discovery research of new diagnostic biomarkers and therapeutic reagents. Therefore, it is
clear that the immobilization of extremely unstable membrane-bound glycosyltransferases on some suitable
supporting materials should enhance the operational stability and activity of recombinant enzymes and makes
facile separation of products and recycling use of enzymes possible. Until now, however, it seems that no
standardized protocol preventing a significant loss of enzyme activity is available due to the lack of a general
method of site-selective anchoring between glycosyltransferases and scaffold materials through a stable
covalent bond. Here we communicate a versatile and efficient method for the immobilization of recombinant
glycosyltransferases onto commercially available solid supports by means of transpeptidase reaction by
Staphylococcus aureus sortase A. This protocol allowed for the first time highly specific conjugation at the
designated C-terminal signal peptide moiety of recombinant human f1,4-galactosyltranseferase or recombi-
nant Helicobacter pylori al,3-fucosyltransferase with simple aliphatic amino groups displayed on the surface
of solid materials. Site-specifically immobilized enzymes exhibited the desired sugar transfer activity, an
improved stability, and a practical reusability required for rapid and large-scale synthesis of glycoconjugates.
Considering that most mammalian enzymes responsible for the posttranslational modifications, including the
protein kinase family, as well as glycosyltransferases are unstable and highly oriented membrane proteins, the
merit of our strategy based on “site-specific” transpeptidation is evident because the reaction proceeds only at
an engineered C-terminus without any conformational influence around the active sites of both enzymes as
well as heptad repeats of rHFucT required to maintain native secondary and quaternary structures during the

dimerization on cell surfaces.

Glycosylation is one of the most important posttranslational
modifications, and more than 50% of all proteins are presumed to
be glycosylated in eukaryotes (/). The glycan chains in glycoconju-
gates, such as glycoproteins, glycosphingolipids, and proteoglycans,
play crucial roles in a variety of physiological and pathological
events, including cell differentiation and cell—cell interactions (2),
cell adhesion (3, 4), immunological responses (3, 6), inflamma-
tion (7), viral and parasitic infections (8), and tumorigenesis (7, 9). It
has been well documented that the posttranslational glycosylation
of proteins is not template-driven and glycan chains are synthesized
by some complicated biosynthetic pathways in ER/Golgi with
various glycosyltransferases and glycosidases (10).
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Basic studies on the relationship between the structure and
function of the glycan chains in various glycoconjugates have
greatly contributed to the application of characteristic features of
carbohydrates in the development of modern biopharmaceuti-
cals. For example, the genetic installation of multivalent sialy-
lated N-glycan chains at some additional sites of the human
hormone erythropoietin, which has three original N-glycan
chains at Asn24, Asn38, and Asn83 residues in the native form,
resulted in a considerably longer half-life of the hormone in blood
compared with that of the native protein (/1). Researchers also
demonstrated that glycosylation of naked protein/peptide
(nonglycosylated) drugs such as insulin and GLP-1 (glucagon-
like peptide 1) improves their therapeutic activity in disease
model mice (/2—14). It is generally recognized that glycosyl-
transferase-catalyzed glycosylation is one of the most practical
approaches for in vitro enzymatic synthesis of various glycocon-
jugates (15, 16). Glycosyltransferases make up a family of
membrane-bound enzymes that catalyze the transfer reaction
of a specific sugar from its sugar—nucleotide donor to various
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Scheme 1: Transpeptidation Catalyzed by SrtA and General Acyl Donors and Acceptors
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acceptor substrates with high chemo-, regio-, and stereoselecti-
vity under mild reaction conditions. Recently, although a variety
of recombinant glycosyltransferases may be available because of
advances in cloning studies, commercialization is often hampered
by the lack of operational stability of these unstable enzymes,
coupled with their relatively high prices.

One way to overcome this obstacle is immobilization of the
enzymes, affording improved operational stability and providing
for its facile separation and reuse of costly biocatalysts. The most
robust approach is immobilization of these enzymes on the solid
supports through a covalent linkage. However, in most of the
early methods, enzymes have been attached to the supporting
materials through random amide bond or Schiff base formation
by using potential amino acids such as lysine and arginine
residues, resulting in significant loss of enzyme activity after
immobilization (/7—19). The site-specific reaction of existing or
engineered cysteine residues with activated solid or gold surfaces
can provide selective and oriented attachment (20, 21) but is
limited to situations in which cysteine residues can be optimally
positioned and/or removed from the native protein sequence.
Noncovalent bond-based immobilization of enzymes with some
affinity interaction, such as biotin—avidin (22, 23), anti-GST
antibody (24), His tag—Ni (25), or maltose binding protein—
amylose (26—28) interaction, has also been used to immobilize
enzymes on agarose beads, magnetic nanoparticles, and the
surface plasmon resonance (SPR)' plate, but the potential
dissociation of the enzyme from the solid surface may interfere
with the long-term storage and reusability of the immobilized
enzyme.

In recent years, a number of selective ligation chemistries have
been developed. These include intein-based systems (29), “click”
chemistry, Staudinger ligation, or native chemical ligation (30—33).
While promising, these chemoselective approaches involve multiple
steps and require the introduction of special linkers to proteins and/
or chemical modifications of the surface of solid supports. There-
fore, there remains a significant need for a robust and much more
versatile methodology for enzyme/protein immobilization that
can be applied to a wide range of protein-based biotechnology.
Enzymatic approaches for the conjugation or immobilization of
proteins have attracted much attention because the substrate
specificity of enzymes enables site-specific protein modification.
For instance, we developed a highly efficient method for site-specific
introduction of w-aminoalkyl glycosides of oligosaccharides into
mutant insulins based on the transpeptidase activity of bacterial or

'Abbreviations: SrtA, Staphylococcus aureus sortase A; rhGalT,
recombinant human f1,4-galactosyltransferase; rHFucT, recombinant
Helicobacter pylori oll,3-fucosyltransferase; SPR, surface plasmon re-
sonance; PCR, polymerase chain reaction; IPTG, isopropyl f(-p-1-
thiogalactopyranoside; TB, Terrific broth; MALDI-TOF MS, matrix-
assisted laser desorption ionization time-of-flight mass spectrometry;
SDS—PAGE, sodium dodecyl sulfate—polyacrylamide gel electrophor-
esis; GDP, guanosine 5'-diphosphate; LacNAc, N-acetyl-p-lactosa-
mine; DTT, dithiothreitol; UDP, uridine 5'-diphosphate.

SrtA

mammalian transglutaminase (TGase) when the suited position
could be replaced genetically with a designated glutamine resi-
due (12, 13). It was also reported that use of phosphopantetheine
transferase makes a site-selective protein immobilization possi-
ble (34). This method, however, requires incorporation of coenzyme
A asa probe on a solid surface in addition to a natural or engineered
phosphopantetheinylation site on the protein of interest. Recent
studies have shown that Staphylococcus aureus sortase A (SrtA)
provides a robust and gentle approach for the selective conjugation
of proteins to solid surfaces (35—37). The bacterial transpeptidase
SrtA is an extensively studied stapler enzyme with known substrate
specificity (38). SrtA is used by Gram-positive bacteria to anchor
surface proteins to the cell wall through a condensation reaction
between a C-terminal LPXTG tag on the former and a polyglycine
bridge in the latter (39). The enzyme cleaves the LPXTG sequence at
the amide bond between the threonine and the glycine to form an
acyl—enzyme complex. Nucleophilic attack by the amino group
of the tris-glycine on the intermediate results in the formation
of an LPXT—GGG bond and the liberation of the free enzyme
(Scheme 1). Because of the low tolerance of SrtA for the deviation in
the LPXTG recognition motif, this enzymatic ligation is highly
selective. In particular, the very limited occurrence of this motif in
native proteins seems to make the SrtA-mediated reaction attractive
for protein modification (40—42). Recently, we also demonstrated
the feasibility of this specific ligation reaction by SrtA for the
construction and characterization of highly complicated glycopro-
tein models related to tumor-relevant MUCI (43). Here, we report
the successful use of SrtA for the covalent and site-specific
immobilization of glycosyltransferases, recombinant human
p14-galactosyltransferase (rhGalT) and recombinant Helicobacter
pylori al,3-fucosyltransferase (rHFucT), onto common solid sup-
porting materials without a loss of activity or stability.

EXPERIMENTAL PROCEDURES

Materials and Methods. All commercially available solvents
and reagents were used without further purification. Uridine
5'-diphospho-p-galactose, 2Na (UDP-Gal), and guanosine 5'-di-
phosphate-L-fucose (GDP-Fuc) were purchased from Yamasa Co.
Matrix-associated laser desorption ionization time-of-flight mass
spectrometry (MALDI-TOF MS) data were recorded with a
Bruker REFLEX III or AUTOFLEX II instrument using 2,5-
dihydroxybenzoic acid as a matrix. Kinetic analysis was performed
with an HPLC system equipped with an Inertsil ODS-3 column
(4.6 mm x 150 mm) with a flow rate of 1.0 mL/min at room
temperature. The column was equilibrated with 5% acetonitrile and
eluted with the following acetonitrile gradient: 5% at time zero,
15% at 3 min, and 30% at 12 min. The chromatography was
monitored by using UV absorption at 315 nm. Data were fitted by
nonlinear regression to the Michaelis—Menten equation using
Sigmaplot (Systat Software Inc.).

Preparation of S. aureus Sortase A. Recombinant
S. aureus sortase A (SrtA) was prepared according to the
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procedure previously reported (43, 44). A truncated form of SrtA
lacking the first 59 N-terminal amino acids was cloned
from S. aureus RN4220 genomic DNA by PCR using primers
5-GATATACATATGCAAGCTAAACCTCAAATTCCG-3'
and 5-GTGGTGCTCGAGTTTGACTTCTGTACAAAGAT-3
and subcloned into the pET-23b vector for expression. In a typical
procedure, Escherichia coli BL21(DE3) harboring the SrtA expres-
sion plasmid was precultured in LB broth containing 50 ug/mL
carbenicillin at 37 °C overnight. The overnight culture was inocu-
lated into a 1 L flask containing 250 mL of LB broth containing
50 ug/mL carbenicillin and 0.5% glucose. The cells were grown at
37 °C until the ODgy reached 0.7. Expression of recombinant
protein was induced by the addition of IPTG to a final concentra-
tion of 0.3 mM for 18 h at 20 °C. The cells were harvested
by centrifugation and resuspended in buffer [S0 mM Tris-HCI
(pH 7.5), 0.1 M NaCl, and 5 mM imidazole]. After the sonication,
supernatants were obtained by centrifugation and applied to the
5 mL HisTrapHP column (GE Healthcare Bio-Sciences). The
column was eluted with a linear gradient of imidazole from 0 to
500 mM. The pooled fractions were dialyzed against 50 mM Tris-
HCI (pH 7.5), concentrated, and stored at —80 °C.

Preparation of ghe rhGalT Fusion Protein. Human
p1,4-galactosyltransferase (hGalT) was cloned from a human
kidney ¢cDNA library (Clontech) and expressed as a fusion
protein with a maltose binding protein tag (43). To insert the
sorting signal, “LPETG”, and a Hisg tag at the C-terminus of
hGalT, the expression plasmid was constructed in two steps.
First, the hGalT gene was amplified by PCR using primers
5-GGAGAATTCCGGACCGGAGGG-3 and 5-TAGCTCG-
AGGCCGGTTTCCGGAAGGTCGACGCTCGGTGTCCC-
GATGTC-3 and cloned into the EcoRI—Xhol site of pET-23a.
Next, the hGalT gene was amplified by PCR using primers
5-GGAGAATTCCGGACCGGAGGG-3 and 5-ACGAAG-
CTTTCAGTGGTGGTGGTGGTGGTGCTCGAGGCCG-
GTTTCC-3' and inserted into the EcoRI—HindIII-digested
pMal-p2x vector, resulting in an MBP-hGalT-LPETG-Hisg
expression construct (hGalT-Sor). In a typical procedure, the
E. coli JM109 transformed by the rhGalT-Sor expression
plasmid was precultured in LB broth containing 50 ug/mL
carbenicillin at 37 °C overnight. The overnight culture was
inoculated into a 2 L flask containing 500 mL of modified TB
medium (40 g/L glycerol, 24 g/L yeast extract, 12 g/L
peptone, 72 mM K,HPO,, 1.7 mM KH,PO,, and 50 ug/mL
carbenicillin). The cells were grown at 28 °C until the ODg
reached 1.5. Expression of recombinant protein was induced
by the addition of IPTG to a final concentration of 0.3 mM
for 20 h at 28 °C. The cells were harvested by centrifugation
and disrupted by sonication. Nucleic acids were precipitated
by the addition of polyethyleneimine to a final concentration
0.7%. Ammonium sulfate was added to the supernatant of
lysate up to 70% saturation. The precipitated protein was
suspended in 50 mL of buffer [20 mM Tris-HCI (pH 7.5),
0.1 M NaCl, and 5 mM imidazole] and applied to a S mL
HisTrapHP column. The column was eluted with linear
gradient of imidazole from 0 to 500 mM. The pooled fractions
desalted by ultrafiltration were applied to a HiTrap DEAE
FF column (GE Healthcare Bio-Sciences) equilibrated with
20 mM Tris-HCI (pH 8.0). The column was eluted with a
linear gradient of NaCl from 0 to 150 mM. The pooled
fractions were desalted, concentrated, and stored at —80 °C.

Preparation of the rHFucT Fusion Protein. H. pylorial,3-
fucosyltransferase (HFucT) with deletion of 42 C-terminal
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residues (46, 47) was amplified from H. pylori J99 genomic
DNA by PCR using primers 5-GTTCTTGAATTCATGTTCC-
AGCCCCTATTAGA-3 and 5-GTTCTTGTCGACGCCGC-
CGCCATAATTAAC-3 and inserted into the EcoRI—Sall site
of the rhGalT-Sor expression plasmid mentioned above to attach
LPETG and Hisg to the C-terminus. To remove the MBP tag, the
HFucT gene was amplified by PCR using primers 5-CACCA-
TGTTCCAGCCCTATTAGA-3 and 5-CCGCTCCCGGCG-
GATTTGTCCTAC-3 and ligated pET101/D-TOPO (Invitrogen),
resulting in an HFucT-LPETG-Hisg expression construct (HFucT-
Sor). In a typical procedure, the E. coli IM109(DE3) transformed
by the HFucT expression plasmid was precultured in LB broth
containing 50 ug/mL carbenicillin at 37 °C overnight. The overnight
culture was inoculated into a | L flask containing 250 mL modified
TB medium. The cells were grown at 37 °C until the ODg, reached
1.5. Expression of recombinant protein was induced by the addition
of IPTG to a final concentration of I mM for 23 h at 20 °C. The cells
were harvested by centrifugation and disrupted by sonication. The
supernatant of the lysate was applied to a 25 mL DEAE-Sepharose
FF column (GE Healthcare Bio-Sciences) equilibrated with 50 mM
Tris-HCI (pH 8.0). The column was eluted with a linear gradient of
NaCl from 0 to 1 M. The pooled fractions were applied to a 5 mL
HisTrapHP column. The column was washed with 50 mM Tris-
HCI (pH 8.0) and 500 mM NaCl and eluted with a linear imidazole
gradient from 0 to 350 mM. The pooled fractions were buffer-
exchanged and reapplied to a 5 mL HisTrapHP column. The
pooled fractions were buffer-exchanged into 100 mM HEPES-
NaOH (pH 8.0), 100 mM NacCl, and 0.01% Triton X-100. Glycerol
(20%, v/v) was added before the sample was aliquoted and stored
at —80 °C.

SrtA-Based Ligation of a Model Nonapeptide with
Various Acyl Acceptors. An acyl donor nonapeptide
(AHLPKTGLR-NH,) was prepared via the general protocol
for Fmoc amino acid-based solid phase peptide synthesis (SPPS).
Triglycine (1) and 5-amino-1-pentanol (2) were purchased from
Wako chemicals (Tokyo, Japan). Biotin derivatives (4 and 5)
were purchased from Biotium, Inc. w-Aminoalkyl sugar (3) was
synthesized as previously reported (/2). The reaction mixture
contained (0.2 mM nonapeptide, 5 mM acyl acceptor (1 mM in
the case of biotin derivatives), and 280 uM SrtA in sortase
reaction buffer [50 mM Tris-HCI (pH 7.5), 0.05% Triton X-100,
5mM CaCl,, 100 mM NaCl, and | mM 2-mercaptoethanol]. The
mixture was incubated at 37 °C for 9 h and subjected to MALDI-
TOF MS. For the conjugation of rhGalT-sor with biotinylated
compound 4 or 5, the reaction mixture was composed of 5 uM
glycosyltransferase as the acyl donor, I mM 4 or 5, and 280 uM
SrtA in sortase reaction buffer. The mixture was incubated at
37 °C overnight. After SDS—PAGE of the reaction solution, the
gel was analyzed via Coomassie brilliant blue staining and by
immunoblotting using streptavidin-bound HRP.

Immobilization of rhGalT and r HFucT on EAH-Sepharose.
Typical SrtA-mediated immobilization of glycosyltransferases
was conducted via the following procedure. The reaction mixture
containing 12.5 uM rhGalT-Sor and 840 uM SrtA in sortase
reaction buffer and 2 volumes of 7 umol of amino reactive group/
mL of EAH-Sepharose (GE Healthcare Bio-Sciences) in equi-
librium by sortase reaction buffer were mixed and incubated with
shaking at 37 °C overnight. After the immobilization, the
reaction mixture was filtered and the solid support was washed
with 25 mM HEPES buffer (pH 7.5) (0.01% Triton X-100)
containing 0.5 M NaCl. The recovered solid material was
suspended and stored in 25 mM HEPES buffer. In case for the
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preparation of immobilized rHFucT, the ligation by SrtA was
performed at 25 °C overnight. After the incubation, the reaction
mixture was filtered and the solid support was washed with
50 mM Tris-HCl buffer (pH 7.5) (1 M NaCl and 0.01% Triton
X-100). The recovered supporting material was suspended and
stored in 50 mM Tris-HCl buffer.

The conventional chemical and random immobilization of
rhGalT onto commercially available EAH-Sepharose was con-
ducted by reacting enzyme with preactivated supporting material
treated with 2.5% glutaraldehyde, and the collected solid support
was washed with water and 0.1 M sodium phosphate buffer
(pH 7.0) as follows. A half-volume of 25 uM rhGalT-Sor was
added to glutaraldehyde-activated Sepharose, and the mixture
was incubated at 4 °C for 13 h. Subsequently, 0.1 M Tris-HCI
(pH 7.5) was added for quenching the resulting activated func-
tional group. After the immobilization reaction, the solid support
was washed and stored with 25 mM HEPES buffer. We also used
NHS-activated Sepharose (GE Healthcare Bio-Sciences) as an
alternative common supporting material for chemical immobili-
zation as follows (/9). A half-volume of 25 uM rhGalT-Sor
was added to NHS-activated Sepharose, and the mixture was
incubated at 4 °C for 13 h. Subsequently, 0.1 M Tris-HCIl
(pH 7.5) was added for quenching, and the supporting material
was washed and stored with 25 mM HEPES buffer.

Evaluation of the Relative Activity, Specificity, and
Recyclability of the Immobilized Glycosyltransferases.
4-Methylumbelliferyl N-acetyl-3-p-glucosamine (Mu-GlcNAc)
was used as a glycosyl acceptor substrate for the measurement
of the p-galactose transfer activity of immobilized rhGalT.
Reaction was initiated by addition of 0.5 mM UDP-Gal to the
solution [5S0 mM HEPES (pH 7.5), 10 mM MnCl,, 0.01% Triton
X-100, 1 mM 2-mercaptoethanol, and 0.1 mM Mu-GlcNAc].
After the mixture had been incubated at 25 °C for 15 min, an
equivalent volume of 8 M GuHCl was added to stop the reaction.
Kinetics were performed by HPLC-based protocols described in
Materials and Methods. Similarly, 4-methylumbelliferyl N-acetyl-
lactosamine (Mu-LacNAc) was used as glycosyl acceptor sub-
strate for the measurement of the extent of fucosylation reaction
by immobilized rHFucT. Reaction was initiated by addition of
I mM GDP-Fuc to the solution [50 mM Tris-HCI (pH 8.0),
1 M NaCl, 50 mM MgCl,, 0.01% Triton X-100, and 0.3 mM
Mu-LacNAc]. After the solution had been incubated at 30 °C for
30 min, an equivalent volume of 8 M GuHCI was added to stop
the reaction and the mixture was subjected to HPLC-based kinetic
analysis. To determine the net activity of immobilized glycosyl-
tranaferases, the activities of thGalT-Sor or rHFucT-Sor protein of
supernatant were quantified both in the presence and in the absence
of SrtA, that is, the amount of immobilized proteins corresponding
to those estimated by the image analysis (LAS-4000, Fujifilm) after
SDS—PAGE stained with CBB.

Repeated use of the immobilized enzymes was conducted as
follows. Reaction was started by addition of 2.5 mM UDP-Gal
and 2.5 mM GDP-Fuc to the solution [50 mM Tris-HCI (pH 7.5),
10 mM MnCl,, 50 mM MgCl,, 0.01% Triton X-100, I M NaCl,
0.25 mM Mu-GlcNAc (95 ug), immobilized rhGalT (52 uL,
1.8 ug of protein), and immobilized rHFucT (68 uL, 6.0 ug
of protein), in 1 mL of reaction buffer]. After incubation at
25 °C with shaking, immobilized glycosyltransferases were
separated with a spin filter column and washed with 50 mM
Tris-HCI (pH 8.0), 1 M NaCl, and 0.01% Triton X-100.
Recovered immobilized glycosyltransferases were employed
for the next reaction.
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RESULTS

Substrate Specificity of SrtA toward Various Acyl
Acceptors. In the previous reports about substrate specificity of
SrtA, the LPXTG motifs were favored as acyl donors over all
positional variants in vitro (37) and were necessary and sufficient
for directing proper sorting of proteins in vivo (48). However, we
considered that tolerance against acyl acceptors in SrtA-based
transpeptidation would be much more beneficial than the tight
specificity for the acyl donor substrates in terms of the versatility
of SrtA-based potential biotechnology, as shown in hydroxyl-
aminolysis of S. aureus surface proteins (49), conjugation of
protein harboring the LPXTG motif on the polystyrene beads
modified with alkylamine (35), and ligation of an LPXTG motif-
containing peptide and sugar derivative (50), despite the ligation
of LPXTG motif-containing O-glycopeptide and highly steric
hindered N-glycopeptide (43). Our interest was focused on the
tolerance and acceptability of acyl acceptor substrates because
this might be a key to defining the feasibility of the SrtA-based
protein engineering. We first tested the potentials of SrtA to
conjugate a plausible model acyl donor, nonapeptide containing
the “LPXTG” sequence, with general aliphatic amines (2—5)
listed in Figure 1. After incubation of nonapeptide and the
alkylamine derivatives with SrtA under a condition described
in Experimental Procedures, MALDI-TOF MS of the reaction
mixture indicated the formation of the expected products
through their transpeptidase reactions (Figure 2). The results
suggest that non-natural alkylamine derivatives 2—35 are potent
acyl acceptor substrates as well as the natural acyl acceptor,
triglycine (1). It seems likely that SrtA recognizes at least the
terminal aminoethyl (H,NCH,CH,-) moiety of these compounds
bearing an aliphatic amine and can use them as convenient acyl
acceptors.

Recombinant Human [51,4-Galactosyltransferase Having
LPETG-HHHHHH at the C-Terminus (rhGalT-Sor). A
cloned gene encoding hGalT with a C-terminal sorting signal
peptide “LPETG” followed by Hisg was inserted into the pMal-
p2X vector and overexpressed in E. coli JM109, producing
the MBP-rhGalT-LPETG-Hisg fusion protein (rhGalT-Sor)
(Figure 3a). rhGalT-Sor was purified by Ni affinity chromato-
graphy and DEAE-Sepharose chromatography, appearing as a
single band on SDS—PAGE analysis (Figure 3b). We then
examined the SrtA-mediated conjugation of rhGalT-Sor with a
synthetic acyl acceptor, aminoalkyl-biotin derivative (4). Purified
rhGalT-Sor and compound 4 were incubated overnight with or
without SrtA, and the reaction mixtures were analyzed via
SDS—PAGE. As anticipated, CBB staining and immunoblotting
with streptavidin-HRP indicated that rhGalT-Sor can be coupled
with aminoalkyl-biotin derivative 4 in a SrtA-dependent manner,
confirming that the LPETG sequence in the C-terminal region
of rhGalT-Sor worked as an acyl donor for SrtA and was
transferred to the terminal amino group of compound 4
(Figure 3c). Recombinant hGalT-Sor exhibited a reactivity
similar to those of all other synthetic acyl acceptors used in
this study (data not shown).

Site-Specific Immobilization of rhGalT to Alkylamine-
Displaying Sepharose. Successful site-specific biotinylation of
rhGalT-Sor described above encouraged us to challenge the site-
specific immobilization of rhGalT onto a solid support through
SrtA-based transpeptidation. Instead of biotin derivative 4,
EAH-Sepharose, a commercially available supporting soft
material which displays multiple amino alkyl functional
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F1GURE 1: Synthetic acyl acceptors tested in this study and newly formed anchor region.
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FIGURE 2: SrtA-mediated conjugation of the model peptide with compounds 1—5 monitored by MALDI-TOF MS. The acyl donor
(AHLPKTGLR-NH,, [M + H]" calcd, m/z 991.61) and each acyl acceptor were incubated in the presence of SrtA. Asterisks and double

asterisks denote the respective products conjugated with acyl acceptors and [M + H]" and [M + Na] ™, respectively. Calculated [M + H

1" mjz

values of the expected products are as follows: m/z 837.45 for 1, m/z 751.48 for 2, m/z 1089.60 for 3, m/z 976.57 for 4, and m/z 1022.57 for 5.

groups [-OCH,CH(OH)CH,NH(CH,)sNH,], was employed as
an acyl acceptor for site-specific immobilization. Recombinant
hGalT-Sor and EAH-Sepharose were vigorously mixed in the
presence of SrtA at 37 °C overnight. Then, the reaction mixture
was separated by spin filtration. The resulting solid support was
washed with 25 mM HEPES buffer containing 0.5 M NaCl
to remove nonspecifically adsorbed rhGalT-Sor. Image analy-
sis following SDS—PAGE of the separated solution phase
(Figure 4) showed that the band of rhGalT-sor was reduced in
magnitude by 33% in the presence of SrtA (lane 1) compared
with that in the absence of SrtA (lane 2), indicating that the
reduced portion of rhGalT-Sor corresponds to the amount of
enzyme immobilized on the supporting material by SrtA. Inter-
estingly, SDS—PAGE analysis of the reaction mixture incubated

in the absence of EAH-Sepharose (lane 3) showed the generation
of an extra band with a molecular mass of 99.3 kDa, sugges-
ting that ligation between rhGalT-Sor (80.6 kDa) and SrtA
(17.8 kDa) may occur at the e-amino group of lysine residues of
SrtA itself as the acyl acceptor substrate. However, this side
reaction should become negligible as indicated when a large
excess of acyl acceptor groups [-OCH,CH(OH)CH,NH-
(CH,)6NH,] due to EAH-Sepharose is supplied (lane 1).

To demonstrate the merit of this strategy, we tested the
galactose transferring activity in comparison with those of
rhGalT immobilized by two conventional protocols as summar-
ized in Table 1. It was suggested that two chemical anchoring
protocols based on the reaction of aldehyde groups or active ester
groups on Sepharose showed relatively high protein immobilizing
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(a)

MBP hGalT LPETG {HHHHHH

F1GURE 3: Recombinant hGalTSor as an acyl donor for SrtA-
mediated conjugation. (a) Structure of recombinant MBP-fused
hGalT with the LPETG sorting signal inserted and a His tag at the
C-terminus (rhGalT-Sor). (b) Purification of rhGalT-sor: lane 1, cell
lysate; lane 2, Ni affinity chromatography; lane 3, DEAE-Sepharose
chromatography. The arrow shows a band due to rhGalT-Sor.
(c) SDS—PAGE and immunoblot analysis of biotinylated rhGalT
during the SrtA-mediated reaction between rhGalTSor and com-
pound 4. Immunoblotting analysis by means of streptavidin-HRP
indicates that the desired biotinylation occurs only in the presence of
SrtA.

4
rhGalT-sor + -
EAH-Sepharose + + - -
SrtA

FIGURE 4: Immobilization of rhGalTSor by SrtA-mediated trans-
peptidation with EAH-Sepharose: lane 1, immobilization of rhGalT-
Sor with EAH-Sepharose in the presence of SrtA; lane 2, without
SrtA; lane 3, without EAH-Sepharose; lane 4, only SrtA. The asterisk
indicates a newly generated band.

yields such as 56 and 100% due to random cross-linking with
lysine and arginine residues, while the yield of the SrtA-mediated
site-specific immobilization was found to be 33%. However, it is
clear that the relative specific activity (net activity per protein
immobilized) of the rhGalT immobilized by SrtA proved to be
the highest (90%), and others were only 25 and 23%. Moreover,
a kinetic study using Mu-GIcNAc as a glycosyl acceptor substrate
showed that the apparent K, value of the immobilized rhGalT
(rhGalT-Sepharose) (54.7 & 6.0 uM) was quite similar to that of
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Table 1: Comparison of Relative Specific Activities of Immobilized rhGalTs

immobilization yield

method for
immobilization

relative specific

activity (%)  protein (%) activity (%)

SrtA-mediated 30 33 90
glutaraldehyde 14 56 25
N-hydroxysuccinimide 23 100 23
soluble rhGalT 100

soluble hGalT-Sor (25.4 + 8.4 uM) and the value from the
previous report (35.9 uM) (51). These results demonstrate that
rhGalT was immobilized on EAH-Sepharose by SrtA-mediated
specific transpeptidation of the C-terminal Sortase signal peptide
without having a significant influence on the intact conformation
of active glycosyltransferases. Indeed, it was reported that the
immobilization of GalTs by chemical random cross-linking to
activated solid supports, such as CNBr (19), glutaraldehyde, and
N-hydroxysuccinimide (NHS)-activated Sepharose (52) led to
low levels of retention of enzyme activity and low immobilization
efficiencies because of random and multipoint cross-linking.
Site-Specific Immobilization of rHFucT. H. pylori al,3-
fucosyltransferase (HFucT) has a heptad repeat region at its
C-terminus that consists of a leucine zipper motif potentially
mediating dimer formation (46, 47). The following positive and
hydrophobic region seems to act as a cell membrane anchor (47).
In addition, truncation of the C-terminal region of HFucT
demonstrated that tandem haptad repeats are essential for the
formation of a dimeric structure as well as the stability of the
enzyme (46, 47). Thus, our attention was directed to the feasibility
of SrtA-mediated site-specific immobilization of such dimeric
and highly organized membrane-bound proteins at the engi-
neered C-terminus containing the Sortase signal peptide. The
HFucT gene was truncated at the positive and hydrophobic
region and introduced into pET101 with a C-terminal LPETG
sorting signal followed by Hiss (rHFucT-Sor) as well as above
construction for expression of rhGalT-sor (Figure 5a). rHFucT-
Sor was overexpressed in E. coli and homogeneously purified by
DEAE-Sepharose chromatography and Ni affinity chromatog-
raphy (Figure 5b). Purified rHFucT-Sor and alkylamino-biotin
derivative 4 were incubated with or without SrtA under a similar
condition for the conjugation with rhGalT-sor. The immuno-
blotting analysis by streptavidin-HRP showed that rHFucT-Sor
was also SrtA-dependently coupled with the biotin derivative,
confirming that the LPETG sequence in the C-terminal region
of rHFucT-Sor worked as an acyl donor for SrtA and was
transferred to the terminal amino group of compound 4
(Figure Sc). As anticipated, the immobilization reaction of
rHFucT with EAH-Sepharose in the presence of SrtA proceeded
smoothly; the yield was estimated to be 57% on the basis of the
difference in the image analysis of SDS—PAGE of the soluble
fractions between lane 1 (100%) and lane 3 (43%) (Figure 5d),
and the activity of immobilized rHFucT (rHFucT-Sepharose)
was determined to be 54% using GDP-Fuc and Mu-LacNAc,
indicating that the relative specific activity was 94% as well as the
result in the case of the immobilization of rhGalT (90%). Kinetic
parameters (K, and V) of rHFucT-Sepharose were found
to be quite similar to those of soluble rHFucT (53) (Table 2).
As shown in Figure 6, there was an optimal concentration
(0.2—0.3 mM) of glycosyl acceptor substrate Mu-LacNAc and
its inhibitory effect was noticeable under higher concentrations
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F1GURE 5: Recombinant HFucT-Sor as an acyl donor for SrtA-mediated reactions. (a) Structure of recombinant HFucT-Sor with the LPETG
sorting signal inserted and a His tag at the C-terminus (rHFucT-Sor). (b) Purified rHFucT-Sor indicated by an arrow. (c) SDS—PAGE and
immunoblot analysis of biotinylated rHFucT. (d) SDS—PAGE and image analysis of SrtA-mediated immobilization of rHFucT-Sor. After the
immobilization, the reaction mixtures were subjected to separation as the solution phase and supports by spin filtration: lanes 1 and 2, without

SrtA; lanes 3 and 4, with SrtA.

Table 2: Kinetic Parameters of Soluble and Immobilized rHFucTs

substrate soluble rHFucT  immobilized rHFucT

GDP-fucose

Vmax (mmol mg™ ! min™") 1.25 +0.02 1.49 + 0.06

K, (mM) 0.108 + 0.004 0.079 £ 0.010
Mu-LacNAc

Vmax (mmol mg™" min™") 77+15 9.5+3.0

K (mM) 0.75 +0.17 0.61 +£0.22

K; (mM) 0.16 +0.04 0.099 + 0.038

in both cases. Since dimeric rHFucT composed of two subunits
has two C-terminal signal peptides (-LPETG-HHHHHH), we
hypothesized that the individual subunit (monomer) should still
exist on the solid support through the covalent cross-linking even
when the noncovalent interaction by tandem heptad repeats
between two subunits is dissociated by being exposed to some
severe buffer solution containing 1% SDS and 0.1 M DTT.
Judging from the result shown in Figure 5d (lane 4), approxi-
mately 35% of the immobilized “dimeric” rHFucT seemed to be
immobilized by using only single covalent bonding and 65% of
the dimer employed at the C-terminal end two signal peptides for
the conjugation by SrtA-based transpeptidation.
Recycleability of rhGalT-Sepharose and rHFucT-
Sepharose Evaluated by One-Pot Synthesis of the Lewis
X Antigenic Derivative. One of the most important character-
istics in the immobilization of the catalytic enzyme is its stability
during repeated use. We demonstrated high potentials of the two
immobilized recombinant glycosyltransferases, rhGalT-Sephar-
ose and rHFucT-Sepharose, by one-pot production of a Lewis X
antigenic trisaccharide derivative from Mu-GlcNAc as a starting

material (Figure 7a). One-pot reaction was initiated by addition
of glycosyl donor substrates (2.5 mM UDP-Gal and 2.5 mM
GDP-Fuc) to the reaction mixture [SO mM Tris-HCI (pH 7.5)]
containing rhGalT-Sepharose (52 uL in I mL of the final reaction
mixture), rHFucT-Sepharose (68 L in 1 mL of the final reaction
mixture), and 0.25 mM Mu-GlIcNAc (95 ug). The reaction was
monitored by quantification of Mu-GlcNAc, Mu-LacNAc, and
Mu-Lewis X (Figure 7b), and after 7 h, the reaction mixture was
separated simply with a spin filtration column. Recovered
rhGalT-Sepharose and rHFucT-Sepharose were subjected to
the next trial of Lewis X synthesis under the same condition
described above. During the repetitive use of these immobilized
enzymes, it seems that the relative activity of rHFucT-Sepharose
was reduced to be 50% within three trials, while rhGalT-
Sepharose did not lose its initial activity. However, no significant
loss of activity for this HFucT-Sepharose was detected during
3—10 trials, suggesting that this result might be caused by
dissociation of the noncovalently bound monomer from the
dimeric rHFucT immobilized by the single covalent cross-linking
on EAH-Sepharose due to some mechanical stress in a buffered
solution containing a high concentration of substrates and salts
(Figure 7c). In this repeated trial, it was demonstrated that
“milligram scale synthesis” of Mu-Lewis X trisaccharide can be
performed by a total of 10 repeated uses because the theoretical
yield by one cycle of reactions was estimated to be 173 ug. It
should be emphasized that our strategy using immobilized
glycosyltransferases is really suited to the scale-up preparation
if requested for pharmaceutical or industrial purposes because
many mammalian and bacterial glycosyltransferases have now
been proven to be produced as desirable fusion proteins using
various expression systems.
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glycosyltransferases during repetitive use: (®) rhGalT and (O) rHFucT.

DISCUSSION

It is not surprising that the artificial immobilization of
membrane-bound glycosyltransferases is extremely difficult be-
cause various mammalian glycosyltransferases involving human
p1A4GalT exhibit dynamic conformational changes during the
catalytic reaction (54) and many bacterial glycosyltransferases
such as HFucT require the formation of multimeric and highly
oriented structures on the bacterial membrane (46, 47, 53). In this
study, we established a general method for one-step covalent
immobilization of unstable membrane-bound glycosyltransferases
to solid surfaces in a site-specific manner by SrtA-based transpep-
tidation. Our approach can provide a highly efficient and site-
specific coupling reaction of enzymes with EAH-Sepharose at
their engineered C-termini without any loss of sugar transfer
activity. The reuseability of the immobilized enzymes, rhGalT-
Sepharose and rHFucT-Sepharose, was also demonstrated by
repetitive syntheses of the Lewis X antigen (Figure 7), which is
strongly expressed on the embryo stem cell surface and is also

related to cellular recognition during fertilization and tumorigen-
esis. It is clear that the conventional chemical immobilization by
using common supporting materials such as glutaraldehyde or
NHS activated-Sepharose must accompany the significant loss of
enzymatic activity due to nonspecific, random, and multiposition
cross-linking at abundant lysine and arginine residues. Therefore,
the merit of our strategy based on “site-specific” transpeptidation
is evident because this reaction proceeds only at an engineered
C-terminus without any conformational influence around the
active site.

Reversible site-specific immobilization based on affinity inter-
action, such as His-Tag-Ni resin, biotin-avidin, and maltose
binding protein-amylose resin (26—28, 55, 56), has the potential
for dissociation of enzymes from supporting materials or dena-
turation of the affinity tag during repetitive use. Our results also
indicated the disadvantage of noncovalent affinity-based con-
jugation in the case of the immobilized dimeric rHFucT in which
one of the two C-terminal signal peptides was used for the
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covalent cross-linking with EAH-Sepharose (Figure 5). During
the recycling experiments (n = 1-3), we may detect the
significant loss of the activity due to the dissociation of the
monomer under the fragile immobilization condition described
above (Figure 7). Irreversible site-specific immobilization is
therefore an ideal approach to the successful goal of practically
recycleable immobilization of biologically important common
proteins and enzymes. Actually, there are many approaches such
as click chemistry and native chemical ligation, coupled with site-
specific modification by intein-based methods, or the use of
farnesyltransferase (37, 32, 57, 58). Although such chemical
ligation appears to show superior characteristics in terms of
specificity and reactivity, these methods need the preparation of
individual special linkers or tedious processes for the chemical
modification of supporting materials. SrtA-mediated immobili-
zation made possible site-specific irreversible reactions of recom-
binant glycosyltransferases at only the engineered C-terminus
without any further modification. Moreover, we revealed that
SrtA exhibited a wide range of acceptability toward simple
aliphatic amines such as acyl acceptors, while acyl donors must

GHHHHHH

o) Q o [¢)

FIGURE 8: SrtA-based site-specific immobilization of rhGalT (a) and rHFucT (b).

carry strictly the LPXTG moiety in the C-terminal region
(Figures 1 and 2). Although the crystal structure of S. aureus
SrtA with the acyl acceptor has not been reported, the crystal
structure of S. aureus SrtB (59), a very similar bacterial transpep-
tidase, with an inhibitor and acyl acceptor, triglycine, suggests
tolerance in the interaction of various aliphatic amines with this
acyl acceptor binding cavity (34, 35). Interestingly, the e-amino
group of lysine, a native aliphatic amine structure distributed
abundantly in general proteins and even SrtA itself, could become
an acyl acceptor of SrtA-mediated transpeptidation (60—63). It
should be noted that site-specific protein immobilization occurs
predominantly in the solid surfaces when a large excess of aliphatic
amino groups is displayed to prevent formation of an undesired
complex between acyl donors and SrtA (Figure 4).

The versatility of the engineered enzymes immobilized on the
solid surface in the modification of larger glycoproteins is under
investigation, and the results will be communicated in the near
future. Since the effect of “upside down” surface glycosyltrans-
ferases on the accessibility of glycoproteins might be closely
related to their orientation in the Golgi apparatus, our artificial
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synthetic system should provide us with insight into the mecha-
nism of biosynthetic pathways and functional roles of membrane
glycosyltransferases.

CONCLUSION

As illustrated in Figure 8, we developed a general method for
the site-specific immobilization of recombinant glycosyltrans-
ferases, rhGalT and rHFucT, at an engineered C-terminal
moiety. This approach allowed for highly efficient covalent
immobilization of typically unstable membrane-bound enzymes
without any conformational influence on its dynamic catalytic
site bearing the flexible loop. It was demonstrated that a bacterial
dimeric rHFucT composed of two subunits can also be immo-
bilized successfully on the surface of solid supports in a well-
oriented manner. This result indicates clearly the wide applic-
ability of our strategy in site-directed conjugation of unstable
membrane-associated proteins under a standardized protocol.
These practically promising immobilized glycosyltransferases
will greatly contribute to the construction of a glycan compound
library (15, 16, 43) and accelerate the discovery research of
potential disease-relevant biomarkers and diagnostic/therapeutic
monoclonal antibodies (64).
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