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Site-Specific Introduction of Sialic Acid into
Insulin**
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Insulin, a peptide hormone, is virtually the only effective drug
for the treatment of diabetes!! The quantity of insulin
required is increasing along with the number of patients,
and the demand for insulin can be as much as 0.5-1.0 g per
year per patient.’) However, native insulin is broken down in
the blood stream within a few hours of administration, mainly
as a result of decomposition in the liver.’! Several insulin
derivatives have been investigated as possible long-acting
insulins for decreasing the required frequency of administra-
tion.* Most of these insulin derivatives are less soluble than
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native insulin and are gradually released from the injection
site into the blood stream.™ The disadvantages of these long-
acting insulins are in the complex administration procedure
and the difficulty in controlling the circulating glucose
levels.! It is expected that water-soluble long-acting insulin
derivatives would overcome these problems."*!

We focused on the increased solubility!”’ and decreased
degradation offered by the addition of a sugar chain,
especially one containing a sialic acid moiety, for the
development of new long-acting insulin derivatives. In the
case of erythropoietin,® another widely used protein-based
drug, it is known that the introduction of sugar chains
containing sialic acid moieties through genetically controlled
protein expression, for example, in mammalian cells, enhan-
ces the duration of the drug's effectiveness because the
proteins with sialic acid on the surface are not easily
decomposed in the liver. However, optimization of the
glycosylation is difficult because of the inevitable variation,
arising from the expression, in the number of sugar moieties
per protein and in the site of introduction. Several chemical
methods have been reported for making a uniformly glyco-
sylated protein;®! however, these chemical methods usually
require relatively harsh conditions that may abolish protein
functions.

Herein, we describe a method for introducing a defined
sugar moiety onto mutant insulins by enzymatic reactions
(Scheme 1). After insertion of the lactose derivative through
a transglutaminase reaction,'” sialic acid can be introduced
through a recombinant o2,6-sialyltransferase reaction.!'?
These enzymatic reactions can proceed under physiological
conditions. The insulin with the sialyl oligosaccharide is
expected to demonstrate prolonged activity as a result of its
resistance to decomposition in the liver.

Introduction of a sugar moiety to the glutamine residues
by using TGase was reported to be a very effective method for
obtaining sugar-modified peptides and proteins.'”) Recently,
it was also demonstrated that an efficient synthesis of potent
blockers of the influenza virus based on cyclic glycopeptides
can be performed by using a TGase reaction.” Initially, we
attempted to use the three glutamine residues in wild-type
human insulin (Ins(WT)) as the reaction anchor to conjugate
lactose derivative 1 through a TGase reaction. However, the
sugar moiety was not effectively attached to the insulin
(Figure 1 A), a result suggesting that all three glutamine
residues are inaccessible to TGase. Therefore, we thought
that some reactive glutamine residues should be added to the
native insulin by point mutations. Human insulin consists of
two separate chains, the A chain (21 amino acids) and the
B chain (30 amino acids), joined together by a characteristic
pattern of disulfide bridges™ (Scheme 1). While the amino
acid sequence of insulin is highly conserved in most animal
species, species variations do exist, mainly in the amino acid
sequence of the N-terminal region of the B chain. It has also
been shown that modification of the N terminus of either the
B or the A chain with a poly(ethylene glycol) chain or a
simple monosaccharide residue has almost no negative effect
on insulin bioactivity.”®"! Therefore, we created two muta-
genetic insulins, Ins(B-F1Q) which has a glutamine residue
instead of phenylalanine at the N terminus of the B chain and
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Scheme 1. Schematic representation of
insulin glycosylation. A mutant Ins(B-
F1Q), in which the N-terminal phenylala-
nine (F) residue of the insulin B chain
had been changed to glutamine (Q) by
using a QuikChange mutagenesis kit
(Stratagene), was overexpressed and puri-
fied from Escherichia coli. A) Chemoenzy-
matic glycosylation of Ins(B-F1Q) was carried out in 20 mm Tris buffer (pH 7.5) contain-
ing Ins(B-F1Q) (104 nmol), compound 1 (0.9 mmol), 5 mm CaCl,, and TGase (4 U; Ori-
ental Yeast Co.). The reaction mixture was incubated for 30 min at 37°C. B) The sugar-
elongation reaction of Lac-Ins(B-F1Q) was carried out in 50 mm sodium cacodylate
buffer (pH 7.5, 1 mL) containing Lac-Ins(B-F1Q) (0.5 mg, 80.5 nmol), 0.6 mm CMP-
sialic acid, 0.2% BSA, 1.6 mm MnCl,, 0.2% Triton CF54, calf-intestine alkaline phospha-
tase (20 U), and recombinant a2,6-SiaT (150 mU, TOYOBO Co.). The reaction mixture
was incubated for 2 h at 37°C. TGase =transglutaminase, 02,6-SiaT = a2,6-sialyltransfer-
ase, Lac-Ins(B-F1Q) =lactose-displaying Ins(B-F1Q), Sia2,6-Lac-Ins(B-F1Q) = 0.2,6-sialy-
lated Lac-Ins(B-F1Q), CMP = cytidine monophosphate, Tris =tris (hydroxymethyl)amino-
methane, U =international unit, BSA=bovine serum albumin.

Siaz 6-Lac-Ins(B-F10Q)
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Ins(A-G1Q) which has a glutamine residue
instead of glycine at the N terminus of the
A chain.

First, we tested whether the mutagenetic
insulins Ins(B-F1Q) and Ins(A-G1Q)
retained their bioactivity by using streptozo-
tocin-treated diabetic mice (STZ-treated
mice). STZ-treated mice were separated
into three groups at random, treated with a
single subcutaneous dose of Ins(WT), Ins(B-
F1Q), or Ins(A-G1Q), and then monitored
for changes in blood-glucose level every
hour for five hours (Figure 2). The dosage
of all insulin preparations was adjusted to
1 U. The Ins(B-F1Q) action profile was very
similar to that of wild-type insulin, a result
showing that the biological potency of Ins(B-
F1Q) was equal to that of Ins(WT). How-
ever, the glucose-lowering action of Ins(A-
G1Q) was much weaker than that of the
wild-type insulin. Therefore, we chose the
active Ins(B-F1Q) for further modification
with sugars.

The enzymatic reaction of Ins(B-F1Q)
with a large excess of lactose derivative 1 was
carried out in a Tris buffer (pH7.5;
Scheme 1). Mass spectrometric —stidies
showed that the modified insulin mostly
had a single lactose moiety (Figure 1B).
Purification of glycosylated insulin was per-
formed by HPLC to afford the desired
insulin Lac-Ins(B-F1Q) in around 50%
yield. To determine the glycosylation site,
Lac-Ins(B-F1Q) was treated with 2-thioe-
thanol to cleave the disulfide bonds and
divide it into two chains (the A and
B chains); the molecular weights of the two
peptide chains were then determined (Fig-
ure 1C). Mass spectrometry confirmed the
glycosylation of the B chain occurred as
expected. After purification of the B chain
by HPLC, amino acid sequence analysis by
using aminopeptidase M degradation was
performed to determine the glycosylation
site (Figure 1D). Treatment of the glycosy-
lated B chain with aminopeptidase M, an
exo-type protease that hydrolyzes peptides
one by one from the N terminus, showed that
not only the terminal glutamine residue (Q1)
of the B chain but also the fourth glutamine
residue (Q4) from the N terminus had been
glycosylated by TGase. From the intensity of
the fragment peaks corresponding to the
peptides lacking only the N-terminal resi-
dues it seems that the glycosylation ratio
between Q1 and Q4 is almost identical. Since
the Q4 residue of the native insulin was not
glycosylated by TGase, the phenylalanine —
glutamine substitution at the N terminus is
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Figure 1. MALDI-TOF mass spectra of insulin and glycosylated insulin derivatives. A) Wild-type insulin after the TGase reaction. B) Ins(B-F1Q)
after the TGase reaction. C) Lac-Ins(B-F1Q) after cleavage of the chains by 2-thioethanol (final concentration=0.1 mmolmL™"). D) Amino acid
sequence analysis of the N terminus of the lactosylated B chain with aminopeptidase M. The lactosylated B chain was incubated with aminopepti-
dase M (final concentration=1 UmL™"; Roche) for 10 min at 37°C. The reaction mixture was analyzed by MALDI-TOF (Bruker REFLEXIIl) mass

spectrometry. a.i. = arbitrary intensity.

thought to affect the microenvironment around Q4, thereby
resulting in enhanced accessibility for TGase. The lactose-
displaying insulin, which showed a single peak in the HPLC
analysis, was found to be a mixture of two isomers, and we
employed the mixture of Q1- and Q4-glycosylated insulin for
further experiments.

The sialylation of Lac-Ins(B-F1Q) was performed by
means of recombinant 02,6-SiaT, which transfers the sialic
acid of CMP-sialic acid to position 6 of galactose (Scheme 1).
The reaction mixtures were purified with reversed-phase
HPLC to yield Sia2,6-Lac-Ins(B-F1Q).

To investigate if changes in the secondary/tertiary struc-
ture of the insulin molecule had occurred because of the
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mutation and glycosylation, far-UV/CD spectra of the insulin
derivatives were compared to that of Ins(WT) (Figure 3). The
spectrum of Ins(A-G1Q) was different from that of Ins(WT),
a fact suggesting that the a-helix structure of the N terminus
of the insulin A chain was changed by the point mutation. The
spectra of Ins(B-F1Q) and Sia2,6-Lac-Ins(B-F1Q) were
similar to that of Ins(WT). Therefore, the F1Q mutation
and glycosylation at the N terminus of the insulin B chain had
no effect on the overall structure, as evident from the CD
spectra.

The biological activity of the two glycosylated insulin
derivatives was also evaluated by using STZ-treated mice
(Figure 2). The glycosylated insulins showed similar activity
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Figure 2. Changes in blood-glucose levels after the administration of
insulin and glycosylated insulin derivatives. Mice (C57BL/6), male,

7 weeks of age) were fasted for 1820 h and then injected intraperito-
neally with a single dose of streptozotocin (STZ; 200 mgkg™' body
weight; Wako). Mice with initial blood-glucose levels of above

400 mgdL™" were selected for the monitoring of blood-glucose levels.
Five mice were used for each insulin derivative. Blood samples were
obtained from the tail vein at 0, 1, 2, 3, 4, and 5 h after subcutaneous
administration of Ins(WT), Ins(B-F1Q), Ins(A-G1Q), Lac-Ins(B-F1Q),
or Sia2,6-Lac-Ins(B-F1Q) (1 U of each). Blood-glucose levels were
measured by using a Glucocard (Kyoto Daiichi Kagaku Co.). Data are
presented as a percentage of the initial values +standard error.
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Figure 3. Circular dichroism spectra of insulin derivatives. All the insu-
lin samples were dissolved in phosphate-buffered saline (pH 7.4). The
protein concentrations were all adjusted to 40 um by measurement of
the UV absorption at 280 nm. CD measurements were performed on a
Jasco-820 CD spectropolarimeter at 25°C. For the far-UV/CD spectra,
samples were scanned from 200-250 nm and accumulated 10 times at
a resolution of 0.2 nm with a scanning speed of 100 nmmin~". The cell
length was 0.1 cm. All the CD data are expressed as the mean residue
ellipticity.

shortly after subcutaneous injection, but the activity levels
varied significantly with time. Lac-Ins(B-F1Q) had a slightly
extended glucose-lowering effect compared to that of the wild
type. However, Sia2,6-Lac-Ins(B-F1Q) displayed clearly
prolonged glucose-lowering action, especially after three
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and four hours. We speculate that the long-acting effect of
Sia2,6-Lac-Ins(B-F1Q) might be because the introduced sialic
acid moiety increases the resistance against degradation of
insulin in the liver.

In conclusion, we demonstrated that the point mutation of
the N terminus of the insulin B chain enabled chemoenzy-
matic glycosylation to be achieved by combined use of a
transglutaminase and a glycosyltransferase, thereby providing
enzymatic access to link insulin and sugars. Sialyllactose-
displaying insulin was found to show a prolonged duration of
glucose-lowering action in the blood in vivo compared to the
action of wild-type or lactose-displaying insulin, a result
implying that the introduction of sialic acid to the protein is
essential for prolonged activity in vivo. Our chemoenzymatic
method generates artificial glycoproteins with a homogene-
ous glycoform and is suitable for large-scale production. This
strategy is widely applicable for the synthesis of novel
artificial glycopeptides and glycoproteins with improved and
potent biological activity as protein-based drugs. Further
study on the applications of this method is currently underway
in our laboratory.

Experimental Section

Wild-type and mutant proinsulins were expressed and purified
according to the procedure in ref. [16], except that arginine was
used instead of methionine as a linker between the polyhistidine tag
and the proinsulins for easy single cleavage.!'"” The proinsulins were
properly folded according to the protocol described in ref. [18]. The
histidine tag and the C chain of the proinsulins were removed by
trypsin cleavage.'”? Compound 1 was chemically synthesized accord-
ing to the procedure described in ref. [12].
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