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including to increase the circulating half-life of proteins in blood and to decrease their immunogenicity and antigenicity. One
known PEG modification method is to attach PEG to the free amino group, typically at lysine residues or at the N-terminal
amino acid with no selectivity, resulting in a heterogeneous product mixture. This lack of selectivity can present problems
when a therapeutic PEGylated protein is being developed, because predictability of activity and manufacturing reproducibility
are needed for regulatory approval. Enzymatic PEGylation of proteins is one route to overcome this limitation.
Transglutaminases (TGase) are enzyme candidates for site-specific PEGylation. We use human interferon alpha 2a (IFN a2a)
as a test case, and predict that the potential modification residues are GIn101 by computational approach as it contains 12
potential PEGylation sites. IFN o2a was PEGylated by Y shaped PEG40k-NH2 mediated by microbial transglutaminase. Our
results show that the microbial transglutaminase mediated PEGylation of IFN a2a was site-specific only at the site of GIn101
in IFN o2a, yielding the single mono-conjugate PEG-GIn101-1FN a2a with a mass of 59 374.66 Da. Circular dichroism studies
showed that PEG-GIn101-1FN a2a preserved the same secondary structures as native IFN a2a. As expected, the bioactivity and
pharmacokinetic profile in rats of PEG-GIn101-1FN o2a revealed a significant improvement to unmodified IFN o2a, and better

than PEGASYS.

Keywords:

Though we got tremendous advances in
recombinant protein drugs in recent years, there’re
also some shortcomings that may limit their
usefulness including susceptibility to degradation
by proteases, short circulating half-life in vivo, low
solubility, rapid kidney clearance and propensity to
generate neutralizing antibodies!™™l.  Therefore,
intensive research has been devoted to overcome
these problems inherent to protein drugs. Various
strategies have been explored to improve the
clinical properties of protein drugs; among these
efforts and techniques, the conjugation of PEG
chains, termed PEGylation, is regard as the most
useful approach for protein drug development!*®!.
There are several advantages of PEGylated protein
drugs: increased stability and water solubility,
increased resistance to proteolytic inactivation, low
toxicity, improved pharmacokinetic profiles, and
reduced renal clearance and immunogenicity®%.
PEGylation plays an important role in drug delivery,
enhancing the potential of peptides and proteins as
therapeutic agents due to these favorable properties.

PEGylation was first described in the 1970s by
Davies and Abuchowski on albumin and catalase
modification™ %, At present, chemical method is
the most widely used modification method for
protein  PEGylation involves the covalent
conjugation of activated monomethoxy-PEG
(mPEG) at the level of N-terminal and/or g-amino
group of lysine residues. But there are also some
limitations of this strategy, because of the potential
multiple sites of conjugation and the consequent

% : 010-64807509
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heterogeneity of the PEGylated proteins. Mixtures

of multi-PEGylated isomers were generally
obtained, resulting in significant losses of
homogeneity and protein activity!****l. Thereafter

improvements in PEGylation were achieved as
shown by products like PEG-Intron® and
PEGASYS®: mixtures of mono-PEGylated positional
isomers. But it is heterogeneous, none site-specific,

and there’re still some problems in quality
control™™. In order to obtain site-specific
PEGylation, other chemical approaches were

developed, such as the selective PEGylation at the
cysteines group or at the N-terminal amino group of
a polypeptide chain by controlling the pH value or
mutant the nonnative amino acid, which may
influence the structure and activity of protein®*7).
More recently, a very promising enzymatic method
has been explored for devising novel and mild
strategies  of  site-directed PEGylation  of
pharmaceutical proteins that use transglutaminase
for the covalent linkage of PEG moieties at the
c-carboxamide groups of Gln of proteins*®2%. For
this purpose, a PEG derivative bearing a primary
amino group (PEG-NH,) is used; this becomes
covalently linked to the protein at glutamines
through a transglutamination reaction catalyzed by
the enzyme according to the following scheme:
Protein-CONH,+H,N-PEG—
Protein-CONH-PEG+NH3;
Where CO-NH; is a carboxamide group
The most commonly used transglutaminase in
PEGylation is mTG, which derived from Streptomyces

[21]
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mobaraense, because the amino acid sequence of its
331-residue polypeptide chain and 3D structure are
available™?3. mTG is calcium-independent, which
exhibits no significant homology to mammalian
transglutaminases, and has a molecular weight of
37.9 kDa and widely used to improve the physical and
textural properties of protein-rich foods®?2¥. In the
bio-pharmaceutical field, mTG has also been used in
the preparation of peptides, recombinant proteins,
antibody-drug conjugate (ADC) and other biological
products, especially in conjugation®32. Numerous
studies have been conducted on the substrate
specificity of transglutaminases using synthetic
peptides, as well as proteins, with the aim of
unravelling the pattern of amino acid sequences
around the reactive Gln residues®*3®!. It was proposed
that surface accessibility of a reactive GIn could
dictate the transglutaminase-catalysed modificationt®®.
However, it was also recognized that surface exposure
is not the only influence factor as it was often
observed that several exposed GIn residues in native
globular proteins of known 3D structure do not react
with transglutaminase. Neighboring residues are
unlikely to be PEGylated on the same molecule,
because of steric hindrance; and the presence of a
proline close to the putative site of PEGylation is a
limiting factor that hampers the reaction?®”.

Spolaore B et al obtained site-specific PEG-IFN
mediated by mTG via linking PEG-20000 to IFN,
which is the first reported PEGylation of a
pharmaceutical protein at the level of GIn residues
using a 20 kDa PEG. The PEGylated IFN derivatives
maintained a high specific activity and a desired
prolonged pharmacokinetic profile. From the
perspective of druggability, However, the harsh
reaction condition for protein, the low yield and
complicated preparation process may limit its
application, that do not meet the Pharmaceutical
concept of low cost, simple process, and controllable
quality™®!.

In this study, the market-proven 40 kDa PEG
was selected to directly couple with native IFNa2a
mediated by mTG with high yield in mild reaction
condition and with simple process. We choose IFN
a2a as substrate to test, which is widely used in
HBV and HCV by controlling replication of the
virus. It is a challenging case, because it contains 12
potential PEGylation sites. The chemical PEGylation

http://journals.im.ac.cn/cjbcn

has been successfully applied to produce the
PEGylated IFN, marketed under the brand name
PEGASYS®. As mentioned above, this mixture still
has many shortcomings. For this reason, the
site-specific PEGylation of IFN a2a is essential to
design of new and more effective therapeutic
proteins. Firstly, we used computational approach to
analyze the sequence and structure of IFNa2a and to
predict a single potential PEGylation site in the IFN
a2a, which was subsequently validated by
PEGylation experiments and characteristics analysis
of PEGylated IFN a2a by kinds of methods by
SDS-PAGE, RP-HPLC, CD and MALDI-TOF. All
of the data obtained from these experiments
confirmed our computational prediction on the
identification of a single IFN a2a residue-GIn101
that is the target of PEGylation modification by
mTG. Moreover, in vitro and in vivo studies were
carried out to evaluate the bioactivities and
pharmacokinetic (PK) profiles of the new
bioconjugate, respectively.

1 Materials and methods

1.1 Materials

Recombinant human IFN o2a expressed by
Escherichia coli was obtained by fermentation and
purified to clinical grade. Microbial tranglutaminase
(mTG) from Streptomyces mobaraensis was
purchased from Yiming Biological (Jiangsu, China).
Amino terminating Y shaped 40 kDa PEG
(Y-PEG40-NH,) was provided by JenKem (Beijing,
China). N-a-carbobenzoxy-L-glutaminyl-glycine,
L-glutamic acid y-monohydroxamate were supplied
by Sigma (Saint Louis, USA). HEK293 cells were
purchased from ATCC (CRL-1573). All other
chemical reagents were of analytical grade.

1.2 Sequence, secondary structure and solvent
accessibilities analysis

The Sequence and structure information of IFN
a2a were retrieved from NCBI and the Protein Data
Bank (PDB code: 11TF)®. Amino acid solvent-
accessible surface area was calculated using the
NetSurfP and the Scit web server!*”,

1.3 Determination of mTG activity
The activity of mTG was determined by using
the specific substrate, CBZ-L-Glutaminyl-glycine
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(Z-GIn-Gly), as described elsewhere!*. Briefly,
0.2 mL of 200 mmol/L Tris-buffer pH 6.0 containing
36 mmol/L  carbobenzoxy-glutaminyl-glycine,
100 mmol/L hydroxylamine and 10 mmol/L reduced
glutathione were incubated for 10 min at 37 °C with
30 pL of test sample. The enzymatic reaction was
stopped by adding 0.5 mL of 12% trichloroacetic
acid. After that, 0.5 mL of 5% ferric chloride
exahydrate solutions were added and the resulting
red color was measured at 525 nm and the
enzymatic activity was calculated.

1.4 PEGylation of IFN a2a with Y-PEGo-NH,

IFN o2a solutions (2 mg/mL) were mixed with
Y-PEG4-NH> at the molar ratio of 1:8 in
20 mmol/L Tris-Cl buffer (pH 8.0). Then the mTG
solution was added to the IFN-a2a/Y-PEG4q-NH,
solution to obtain the final mTG concentrations of
0.5 U/mL. The conjugation reaction mixtures were
stirred for 5 h at room temperature and then stopped
by 3 mol/L ammonium acetate. The pH of the
solution was adjusted and then purified using a
SPHP column previously equilibrated with 20 mmol/L
sodium acetate, pH 5.0. The column was washed
with the equilibration buffer, and the PEGylated
protein was eluted with NaCl gradient from 0 to
70 mmol/L in sodium acetate buffer, pH 5.0. The
PEGylated protein pools were collected, and then
characterized by SDS-PAGE, SP-HPLC, CD, and
MALDI-TOF mass spectrometry.

1.5 Identification of PEGylation site

Native IFN a2a and PEG-GIn101-IFN a2a
were digested with endoproteinase Trypsin and
Glu-C after treated with UA buffer (8 mol/L Urea,
150 mmol/L Tris-HCI, pH 8.0) and DTT buffer.
After that, samples were purified by RP-HPLC on
Agilent ZORBAX 300SB C8 column (4.6 mmx
150 mm, 5 pum), and collect the peak appeared in
PEG-GIn101-IFN «a2a hydrolysate separation,
which is not found in the IFN a2a hydrolysates,
then lyophilized for subsequent N-terminal
sequencing by automated Protein Sequencer
PPSQ-33A (SHIMADZU corporation) according to
Edman degradation and molecular weight (Mw) by
MALDI-TOF/TOF (4800 Plus MALDI TOF/TOF,
AB SCIEX).

The digestion mixtures were also analyzed by

% : 010-64807509

LC-MS/MS. Briefly, mixtures was separated by
RP-HPLC on Agilent Zorbax SB C18 column
(2.1 mmx50 mm, 3.5 pm), the chromatographic
peaks of native and PEGylated IFN-a2a were
collected, lyophilized, and analyzed by LC-MS/MS
(TripleTOF 5600+, AB SCIEX).

1.6 Bioactivity studies

The procedure is comprised of three simple
steps. In brief, HEK293 cells were transiently
transfected with pISRE-Luciferase DNA (Beyotime
Institute of Biotechnology, Shanghai, China).
96-well Costar plates were seeded with 0.04x10°
cells in the presence of IFNa2a, PEG-GIn101-IFN
a2a or controls in a total volume of 100 uL/well.
The plate was incubated at 37 °C with 5% CO, for
21 hours. The culture supernatants were then
removed by aspiration and the cells washed once
gently with PBS, followed by addition of 70 pL
PromegaGlo Lysis buffer. The plates were
subsequently shaken for 5 min on a titer-plate
shaker, followed by the addition of 70 uL of
Promega Bright Glo-Luciferase Assay reagent.
Luciferase activity was then determined by reading
on a Luminoscan Ascent plate reader and data
analyzed using SoftMax pro.

1.7 Pharmacokinetic studies

Twenty-four male SD rats were randomly
divided into 3 groups of 6 animals each and
subcutaneously injected with normal saline (NS)
containing IFN o2a, PEG-GInl101-IFN «2a and
PEGASYS®. Blood samples were withdrawn from
the tail vein at scheduled times after administration
15, 30, 60 min and 2, 4, 8 and 24 h for IFNaZ2a-
treated rats, and 1, 2, 4, 8, 24, 32, 48, 72, 96, 120,
144 and 168 h for the PEG-GIn101-IFN «2a and
PEGASYS® treated rats. The blood samples were
centrifuged, and the IFN a2a concentration in the
serum was determined by RGA. The data were
elaborated to determine the mean concentration
value, standard deviation (£SD) and the following
main PK parameters: half life (ty,), maximal
concentration (Cmax), time of maximal concentration
(Tmax) and area under the curve (AUC). The
pharmacokinetic data elaboration was performed by
GraphPad Prism software.
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2 Results and discussion

2.1 IFN-a2a sequence and structure analysis

Human IFN o2a is a single chain protein of 165
amino acid residues displaying several biological
activities, including anti-virus, anti-tumor and
activation of immuoregulatory effects. IFNs are
nowadays extensively used to treat HBV and HCV.
The structure of IFN a2a has been determined by
multidimensional heteronuclear NMR spectroscopy.
The IFN «a2a primary structure includes 12
glutamines that, in principle, are candidates for
transglutamination by mTG (Fig. 1)®%.

Our aim was to identify the IFN o2a reactive
glutamine(s) involved in the transglutamination
process, under the assumptions that they are
exposed to the solvent, highly flexible, and in a
region that can undergo favorable interactions with
the enzyme active site. As a first step, we evaluated
the accessible surface area of each of these 12
glutamines by NetSurfP. Glutamines were considered

A Gin101 B

to be buried when <25% of their total area was
exposed to solvent: there are nine glutamines
satisfying this condition (Table 1)*2. The substrate
specificity of mTG is rather broad™“4. In general,
broad specificity requires flexibility of the substrate,
which is expected to be able to adapt to the enzyme
conformation. It follows that the site of PEGylation
should not be part of regular secondary structure
elements?**®! and this latter requirement reduced
our candidate list to six glutamines: GIn5, GIn40,
GIn46, GIn48, GInl101 and GIn158. Neighboring
residues are unlikely to be PEGylated on the same
molecule, because of steric hindrance; and the
presence of a proline close to the putative site of
PEGylation is a limiting factor that hampers the
reaction®!, and then GIn5, GIn40, GIn46, GIn48
were reduced because of Pro, Phe, Asn or Arg on
either side of them. Overall, sequence, structure
and dynamic analysis of IFN a2a molecule indicate
that GIn101 is the most likely transglutamination
site.

| CDLPQTHSL GSRRTLMLLA QMRKISLFSC LKDRHDFGFP QEEFGNQFQKA

51 ETIPVLHEM IQQIFNLFST KDSSAAWDET|LLDKFYTELY QQLNDLEACVI|

101 Q@GVGVTETP|LMKEDSILAV RKYFQRITLY LKEKKYSPCA WEVVRAEIMRS FSLSTNL|

158 QESLRSKE

Fig. 1 The sequence and structure of IFN-a2a. (A) Model of the three-dimensional structure of IFN-a2a. The location
of the helical segments (A to E) is shown; the position of the site-specific PEGylation at the GIn101 residue is indicated
by an arrow. (B) Amino acid sequence of human IFN-a2a. Red boxes show the position of helices A to E. The GIn
residues, potential sites for mTG- PEGylation, are written in bold and the GIn101 residue is underlined.

Table 1 Surface -accessible area and secondary structure of the 12 glutamines present in the IFN-a2a

GIn Buried or exposed Surface accessibility Secondary structure

5 (PQ5) E 0.613 N-terminal

20 E 0.611 a-helix A

40 (PQ40) E 0.437 In the loop between a-helix A and B
46 (NQFQK) E 0.474 In the loop between a-helix A and B
48 (NQFQK) E 0.478 In the loop between a-helix A and B
61 B 0.267 a-helix B

62 B 0.164 a-helix B

90 E 0.413 a-helix C

91 B 0.115 a-helix C

101 E 0.587 In the loop between a-helix C and D
124 E 0.441 a-helix D

158 B 0.203 C-terminal

http://journals.im.ac.cn/cjbcn
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2.2 mTG-mediated PEGylation of IFN e2a
with Y typed PEG-NH,

In order to optimize the conditions for the
enzymatic PEGylation of IFN «2a with mTG,
PEGylation studies were carried out under different
operative conditions: Y-PEG40k-NH;: IFN «2a
ratios, mTG concentrations, reaction pH and times,
etc. Consequently, the reaction was carried out at
5 h, PEG:protein ratio of 8:1 and pH 8.0. Under the
optimized condition, the monoPEGylated conjugate
PEG-GIn101-FN-a2a was obtained. The analysis of
the reaction mixture after 5 h by SP-HPLC showed
the following peak percentages: 61.8% of
PEG-GIn101-FN-o2a (TR=8.4 min), 22.5% of native
FN-a2a (TR=17.5 min), and 15.7% of by-product
(TR=14.7 min) (Fig. 2).

The purification of PEG-GIn101-IFN o2a was
performed by a single column chromatography on

Absorbance at 280 nm
(=]
=
(=)

SPHP, a high performance strong cation exchange
resin used to separate the PEGylated proteins from
the unmodified protein and other impurities. Since
the conjugated PEG molecules mask the exposed
amino acid residues, PEG-GIn101-IFN o2a is more
rapidly eluted from the column than the unreacted
IFN o2a that tightly binds to the resin. Moreover,
we also found that mTG had higher affinity for the
resin than the PEGylated IFN a2a while other
impurities had lower affinity: the unreacted PEG
passed through the column without binding. Therefore,
the different elution time of PEG-GIn101-IFN a2a and
the by-products, namely unreacted IFN a2a, mTG,
IFN a2a aggregates and Y-PEG,o-NH,, allowed for
the extensive purification of the bioconjugate. The
data reported in Table 2 show that the
chromatographic process vyields high purified
PEG-GIn101-IFN o2a recovery.

B ypa 1 2 3
200—
116—

-
85—
50—

38—

20—

6.00 8.00 10.0012.00 14.00 16.00 18.00 20.00

¢ (min)

Fig. 2 The HPLC and SDS-PAGE profiles of PEGylated IFN-a2a and native IFN-a2a. (A) HPLC profiles of IFN-a2a
enzymatic PEGylation reaction after 5 h (dot line) and 0 h (solid line) by SP-stat column. The peaks with retention time
of 8.4 min and 17.5 min correspond to PEG-GIn101-1FN-a2a and native IFN-a2a, respectively. (B) SDS-PAGE analysis
of reduced (lane 3) and non-reduced (lane 2) samples of PEG-GIn101-1FN-a2a stained by Coomassie Brilliant Blue.

Lane 1, protein markers.

Table 2 Step and cumulative yields of PEGylation
and purification process of PEG-GIn101-1FN-a2a

Protein . Cumulative
0,
Process step amount (mg) Yields (%) yields (%)
IFN a2a 100.0 = =
PEGylation 61.8 61.8 61.8
reaction
SPHP 57.7 934 57.7

% : 010-64807509

2.3 Analytical
GIn101-1FN a2a

The molecular weight of purified PEG-
GInl101-IFN a2a was determined by MALDI-TOF
mass spectrometry and SDS-PAGE. The mass
spectrum reported in Fig. 3A shows the major signal
with average Mw of 58 495.6 Da, which is
consistent with the theoretical molecular weight of

characterization of PEG-

. cjb@im.ac.cn

755




756

ISSN 1000-3061 CN 11-1998/Q A4 T #2244t Chin J Biotech

PEG-GIn101-IFN a2a calculated by summing the
mass of IFNa2a (19 269 Da) and the nominal mass
of 40 kDa Y-PEG-NH,. The other signals with
average mass of 29 260 Da correspond to the
doubly-charged = PEG-GIn101-IFN  a2a. The
SDS-PAGE analysis showed in Fig. 2B shows that
PEG-GIn101-IFN o2a migrates with an apparent
molecular weight of about 100 kDa. In this regard,
it should be noted that the hydrated PEG, which
coordinates 2-3 water molecules per ethoxy unit,
bestows the hydrodynamic radius on the
bioconjugate. Therefore, PEGylated proteins
migrate with a higher apparent molecular mass in
the electrophoresis gel, which usually corresponds
to the molecular weight of the non-PEGylated
protein plus about 2-fold the molecular weight of
the PEG moiety! 446,

To develop products for human use, PEGylated
protein drugs have to be subjected to secondary
structure  determination  after  conjugation.
Spectrometric studies were carried out to evaluate
the influence of the enzymatic PEGylation on the
structural conformation of IFNa2a. Overlapped CD
profiles were obtained with IFNa2a and
PEG-GIn101-IFN o2a in the near and far UV.
Native IFNa2a has a predominantly a-helical
structure in physiological conditions with two
characteristic, strong bands at 222 and 208 nm, as
revealed by the far UV-CD spectrum shown in
Fig. 3B. It was found that the two protein forms had

distribution of the secondary structure elements
were the same for both proteins. Taken together, the
spectroscopy data suggest that both secondary and
tertiary structure of IFNa2a was not influenced by
PEGylation. These results are consistent with
previous studies showing that the protein’s secondary
structure is not influenced by PEGylation.

2.4 ldentification of the sites of PEG-GIn101-
IFN a2a

The computational study of sequence, structure
and dynamic analysis of IFN o2a allowed for the
identification of GInl01 as glutamine target for
enzymatic PEGylation. The peptide mapping was
concomitantly performed by IFN a2a and
PEG-GIn101-IFN a2a digestion with endoproteinase
trypsin and Glu-C, which takes advantage of the
large number of glutamic acid residues in IFNa2a
sequence as well as of specific cleavage on the
COOH-terminal glutamic acids™”. Fig. 4A shows
that there is one obvious peak appeared in 48—-49 min
in PEG-GIn101-IFN a2a hydrolysate separation,
which is not found in native IFNo2a hydrolysates.
And the LC-MS/MS profile shows the same result
(Fig. 4B). The peak was collected, and then
lyophilized for subsequent N-terminal sequencing
and Mw by MALDI-TOF. The results reported that
the molecular weight mainly around 40 kDa
(Fig. 4C), consistent with theoretical molecular
weight peptides to PEG, and the N-terminal sequence

similar molar ellipticities and the calculated is ACVIQGVGVTETPLMK-(Fig. 4D).
A 343 B 60
100, ‘{,s.n.‘.::‘.‘.w«..-’ 436.9 “_-.:‘\
90} i L\
w 70¢ ! ) \
5 60f I é 200\ PEG-GIn101-IFN-02a
g sof [ = \
5 40} [ g o\ —
£ 30 [ \ //X
§ 20 o0 =20f Y [FN-02a
‘ N
T | N S
0 bttt A ST el L, nps . —40 . . . ]
9952.0 220444 34 136, 8 46229.2 58321.6 70414.0 190 200 210 220 230 240 250
Mass (m/z) Wavelength (nm)

Fig. 3 Molecular weight and CD spectrum of PEG-GIn101-1FN-a2a. (A) MALDI-TOF spectra of PEG-GIn101-1FN-o2a.
PEG-GIn101-1FN-a2a with the single charge peak (58 295 Da) and the double charge peak (29 260 Da). (B) Circular

dichroism profiles of PEG-GIn101-1FN-a2a and IFN-o2a.
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Fig. 4 Identification of the Sites of PEG-IFN. (A) RP-HPLC chromatographic and (B) LC-MS/MS profiles of trypsin
and Glu-C digests of PEG-GIn101-1FN-a2a and IFN-a2a. There is one obvious peak appeared in 48-49 min in PEG-IFN
hydrolysate separation, which is not found in the IFN hydrolysates. (C) MALDI-TOF spectra of PEGylated peptide. (D)
N-terminal sequence of PEGylated peptide detected by automated Protein Sequencer.
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The peptide fragments were also identified by
LC-MS/MS. Table 3 reports the amino acid sequence
of each fragment obtained by IFNa2a digestion along
with corresponding elution times and molecular
masses. The data reported in Table 3 show that the
peptide mapping of IFNa2a covers 92% of the
primary protein sequence. The peptide mapping of
PEG-GIn101-1IFN o2a produced the same sequence
pattern of IFNa2a except for the absence of the
peptide: ACVIQGVGVTETPLMK- (Table 3), which
putatively contains the PEGylation sites. In order to
verify the conjugation site of IFNa2a, a LC-MS/MS
investigation was undertaken by endoproteinase
trypsin and Glu-C digestion. The resulting amino
acid sequence ACVIQGVGVTETPLMK- (where the
symbol means a missing signal) spans from Asp 97
to Arg 111 of IFNa2a primary sequence was found in
IFNa2a, but not PEG-GIn101-IFN o2a, which
support the GInl01 as site-specific target for
enzymatic PEGylation catalyzed by mTG. Although
the IFNo2a primary structure includes 12 glutamines,
the results obtained in the present work show that a
monoPEGylated IFNa2a derivative is obtained
providing for direct experimental evidence that only
one single glutamine residue, GIn101, is the target of
enzymatic PEGylation.

2.5 Invitro bioactivity studies

After binding to interferon-specific receptors on
cell surface, interferon triggers the signaling cascade,
resulting in translocation of interferon-stimulated

gene factors (ISGFs) into the cell nucleus to interact
with interferon stimulated response elements (ISRE).
This activates the transcription of interferon-
stimulated genes, producing antiviral, anti-
proliferative and immunomodulatory effectst &, By
detecting ISRE-driven luciferase reporter gene
expression, the biological activity of interferon was
measured. Table 4 and Fig. 5 show the bioactivities
of IFN-02a and PEGylated IFN-a2a in vitro. The
result from three independent experiments showed
that the EC50 of IFN-a02a, PEG-GIn101-1FNa2a and
PEGASYS were 2.07x10% U/mg, 3.74x10" U/mg and
1.63x10° U/mg, respectively. The activity of
PEG-GIn101-IFNo2a and  PEGASYS  were
decreased to 18% and 8% of IFN-a2a, respectively,
which is ascribed to the hindering effect of the
polymer on the protein surface that can partially
mask the recognition site of the cytokine to impair
its interaction with the cell surface receptor.
Moreover, PEG-GIn101-IFNa2a was about 2.3-fold
activity of PEGASYS, which underlines the
relevance of the PEGylation site for the protein
activity. The different anchoring group on the protein
surface and the homogeneity may affect cytokine
accessibility to cellular receptor. Therefore, PEG
conjugation to GIn101, which is located in a
flexible loop, seems to have lower interfering effect
on the cytokine-cellular receptor interaction as
compared to polymer conjugation to the terminal
amino group.

Table 3 Peptide mapping of endoprotease trypsin and Glu-C digestion of PEG-GIn101-1FN-e2a and IFN-a2a
identified by RP-HPLC/LC-MS/MS. Peptides underlined correspond to the missing sequences resulting from the

PEG-GIn101-1FN-e2a digestion

Sequence Length Charge Retention time Score Intensity
ISLFSCLK 8 2 484.267 7 35.893 50.040 97 537 000
SFSLSTNLQESLR 13 2 741.383 4 33.887 50.088 8283 300
ISLFSCLKDR 10 2 619.831 7 32.748 55.314 26 022 000
CDLPQTHSLGSR 12 2 706.833 0 23.303 62.732 1.2E+08
SFSLSTNLQE 10 2 563.274 8 31.247 67.704 8.79E+08
MIQQIFNLFSTK 12 2 735.394 7 46.322 80.690 1.19E+08
DSSAAWDETLLDKFYTE 17 2 995.949 5 43.699 81.346 8.87E+08
ACVIQGVGVTETPLMK 16 2 851.947 0 34.407 83.540 7.38E+08
RTLMLLAQMR 10 2 616.851 9 34.074 101.380 1.52E+08
EDSILAVR 8 2 451.750 7 24,519 101.600 1.79E+09
TLMLLAQMR 9 2 538.801 4 37.188 109.710 7.09E+08
FGNQFQK 7 2 434.719 2 17.582 122.980 6.13E+09
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Table 4 Bioactivity data of IFN-a2a, PEG-GIn101-1FN-a2a and PEGASYS in vitro by RGA

Sigmoidal dose-response (Variable slope) PEG-GIn101-IFNa2a PEGASYS IFNa2a
Best-fit values
BOTTOM 0 0 0
TOP 100 100 100
LOGEC50 -7.19 -7.719 -8.969
HILLSLOPE 1.223 1.128 1.275
EC50 3.74E-07 1.63E-07 2.07E-08
Std.Error
LOGEC50 0.028 16 0.036 91 0.052 19
HILLSLOPE 0.086 16 0.095 65 0.173 2
95%Confidence Intervals
LOGEC50 —7.348 t0 -7.732 —7.196 to —7.443 —8.085 to —8.453
HILLSLOPE 1.044 to 1.401 0.929 8 to 1.327 0.889 2 to 1.661
EC50 3.644 to 4.386e-007 1.399 to 1.875e-007  1.819 to 2.404e-008
Goodness of Fit
Degrees of Freedom 22 22 10
R2 0.982 9 0.974 3 0.9719
Absolute Sum of Squares 543.1 861.4 442.3
A 12 120,
PEGASYS
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Fig. 5 Bioactivity of IFN-a2a, PEG-GIn101-IFN-a2a and PEGASYS in vitro by RGA. The X-axis is presented as a
logarithmic scale. Values are X =S (n=3). Statistical differences between groups were compared by the Student’s t-test
(P<0.01). The activity was showed by specific activity, which is calculated from the sample concentration (mg/mL) and EC50
(U/mL) from the graphic analysis. Specific activity (U/mg)= EC50 (U/mL)/sample concentration (mg/mL).

Because hepatitis B virus can only infect human
beings and chimpanzees, there is no good animal
model to choose to directly reflect the antiviral
activity of IFNs in vivo. Therefore, anti-tumor
experiments were usually chose to detect the activity
of IFNs in vivo. We detected the anti-tumor activities
of IFNs in Nude mice xenograft models, as well as

PEGASYS. And the result showed that
PEG-GIn101-IFNo2a was more effective in
anti-tumor effect compared with IFNa-2a, and

equivalent to PEGASYS (data not show).

2.6 Pharmacokinetic studies

Pharmacokinetic studies were carried out by s.c.

% : 010-64807509

injection of 8E+7 IU/kg of IFNa2a and 700 pg/kg
of PEG-GIn101-IFN «2a in rats. For comparison,
the pharmacokinetic profile of PEGASYS® was
also investigated. The protein concentrations in
blood at the experimental time points were assessed
by RGA. As shown in Fig. 6 and Table 5, the native
IFNo2a was rapidly absorbed and eliminated from
the circulation. The Cna (10 697 1U/mL) was
achieved in 2 h, the plasma half-life (t;,;) was 3.4 h
and the AUC was 35 415 hxlU/mL. As compared
to the IFNa2a, PEG-GInl101-IFN o2a displayed
delayed absorption, and long plasma half-life (26.5 h).
And the results showed that the pharmacokinetic
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profile obtained with PEG-GIn101-IFN «a2a was
better than PEGASYS®. The prolonged permanence
of PEG-GIn101-IFN a2a in the circulation resulted
in higher AUC as compared to IFNa2a. The AUC
of PEG-GIn101-IFN a2a and the AUC obtained
with PEGASYS® was 21 917 880 hxIU/mL and
15 083 030 hxIU/mL, respectively. The pharmacokinetic
data show that the polymer size and shape, which are
known to affect the bioconjugate distribution
through  biomembranes and the glomerular
ultrafiltration, are not the only parameters
determining the bioconjugate fate in vivo. Indeed,
PEG-GIn101-IFN o2a and PEGASYS® have
substantially the same composition as both of them
have been obtained by conjugation of 40 kDa
branched PEG to IFNa2a. Therefore, the
pharmacokinetic profile of PEGylated IFNa2a
seems to be also affected by binding site of the

protein and homogeneity of the bioconjugate. The
PEGylation site, for example, may affect the
proteolytic digestion of the cytokine as well as its
interaction with IFN receptor that has been found to
be involved in the cytokine clearance!®!.

1E+7

IE+6}
IE+5F = °

g1E+

5 ”

=1E+3 ~~IFN-alpha2a
1E+2} ~#-PEG-GIn101-IFN
1E+1F PEGASYS

B2 48 72 (h)9'6 20 144 168
1

Fig. 6 Pharmacokinetic profiles of IFN-a2a, PEG-
GIn101-1FN-a2a and PEGASYS. The Y-axis is presented
as a logarithmic scale.

Table 5 Main pharmacokinetic parameters of IFN-a2a, PEG-GIn101-1FN-a2a and PEGASYS

sample ty, (h) Tmax (M) Conax (1U/ML) AUC (hxIU/mL) CL (h)
IFN-02a 3.36 2.00 10 697.0 35415.0 228
PEG-GIn101- IFN-0:2a 26.5 325 756 655.3 21917 880.1 1.2E-05
PEGASYS 14.3 26.0 511 890.0 15 083 030.4 2.4E-05

3 Conclusion

The market approval of recombinant IFNs
opened an exciting new era for the treatment of
patients with hepatitis. Nevertheless, IFNs is rapidly
cleared from blood circulation due to a combination
of renal filtration and receptor mediate endocytosis.
To overcome the limitations of repetitive injections,
non-selective chemical PEGylated derivatives have
been developed. The PEGylated IFN is marketed
with the brand name of PEGASYS® and its clinical
use was authorized by USA and European regulatory
authorities in 2002 for the treatment of HBV and
HCV. However, PEGASYS® is a mixture. There are
about 8-10 different positional isomers in
PEGASYS®, and these isomers have different
bioactivity[*>*°*Y. These characteristics will lead to
the corresponding problems that the quality is hard
to control.

The results reported in this paper show that the
Y shaped PEGyokpa-NH, conjugation to IFNa2a at

http://journals.im.ac.cn/cjbcn

the presence of mTG enabled the production of a
new IFNa2a derivative, which is site-specifically
monoPEGylated on  GIn101 residue. The
optimization of the conjugation conditions resulted
in high bioconjugation yield and prevented the
protein degradation and denaturation. Furthermore,
the clinical grade purity of the final PEG-GIn101-
IFNa2a bulk preparation could be obtained by
simple efficient ion exchange chromatography.
According to the results obtained in the preclinical
studies, PEG-GIn101-1IFNa2a is a new chemical
entity (NCE) fully comparable in terms of
pharmacodynamic profile to PEGASYS®. Clinical
trials will be conducted to evaluate the potential
clinical differences between PEG-GIn101-1FNa2a
and PEGASYS®, which are both PEGylated
IFN-a2a, only differing in conjugation sites. To our
knowledge, this is the first report that used an easy
and mild method to obtain a site-specific PEGylated
IFN a2a mediated by mTG, which has better
bioactivity and PK profiles to PEGASYS.
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