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PEG-trypsin conjugates
Abstract .

PEGylated proteins are routinely used as therapeutics, but systematic studies of the effect
of PEG molecular weight and linking chemistry on the biological activity and particularly the
thermal stabilty of the conjugated protein are rarely made. Here, activated
monomethoxypolyethylene glycol (mPEG)s (Mw 1100, 2000 and 5000 g/mol) were prepared using
succinic anhydride (SA), cyanuri¢c chloride (CC) or tosyl chloride (TC) and used to synthesise a
library of trypsin conjugates. The enzyme aclivity (K, V. and K, of native trypsin and the
mPEG-modified trypsin conjugates was compared using N-benzoyl-L-arginine p-nitroanilide
(BAPNA) as a substrate, and their thermal stability determined using both BAPNA and N-&-
benzoyl-L-arginine ethyl ester hydrochloride {BAEE) as substrates to measure amidase and
esterase activity respectively. The effect of conjugate chemistry on irypsin autolysis was also
examined at 40 'C. PEG-trypsin conjugates containing the higher molecular weight of mMPEG
{5000 g/mol) were more stable than free trypsin, and the conjugate containing CC-mPEG 5000
g/mol had the best thermal stability.

Keywords: Monomethoxypolyethylene glycol (mPEG), PEG conjugates; Thermal stability; Trypsin
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Introduction

The biotechnology revolution has produced many novel peptides and proteins that have
become important new drugs. More than 80 are nowmarketed in the United States, and 353" are
undergoing clinical trials (reviewed in Harris and Chess, 2003). However, protein drugs also
possess several shortcomings that limit their usefulness. These include premature degradation
due to susceptibility to destruction by proteolytic enzymes, short circulating half-life, low solubility,
rapid kidney clearance of lower molecular weight proteins and potential immunogenicity,
Conjugation of proteins and peptides to natural or synthelic polymers has shown the ability to
solve many of these problems (reviewed in Harris and Chess, 2003, Pasut and Veronese, 2007).

Although a variety of polymers have been used for protein conjugation, polyethylene glycol
(PEG) has been most popular due to its excellent water-solubility, and it is known to be safe
being FDA approved for use in injectable, topical, rectal and nasal formulations. PEG is
synthesised by anionic ring polymerisation of ethylene oxide using methanol or water as initiator
to give a linear polyether that can be modified to ensure a singte terminal reactive functional
group e.g. monomethoxy PEG (mPEG). This enables protein modification without risk of cross-
linking {reviewed in Pasut and Veronese, 2007; Duncan, 2003; Greenwald et al., 2003; Harris and
Chess, 2003). Moreover, PEG polymerisation can be controfted to produce a wide range of
discreet molecular weights (<5000-50,000 g/mol) with low polydispersity {(Mw/Mn from <1.01 to
1.1 for higher PEGs of Mw ~50,000 g/mol}. The high hydration and flexibility of the PEG chain
enables a reduction in antigenicity of proteins to which it is bound, and careful choice of PEG
molecular weight enables fine tuning of plasma pharmacokinetics and route of elimination (by
renal and hepatic pathways) of specific peptides and proteins to suit their pharmacodynamic
requirements,

Despite the large number of studies on PEG-protein modification, including the emergence
of novel linking chemisiry (Brocchini et al., 2006), there has been little attempt to systematically
study the effect of PEG molecular weight and linking chemistry on protein properties such as
thermal stability, Therefore, the aims of this study were to compare the enzyme activity (kinetic
parameters), the thermal stability and autolysis of a library of PEG-modified trypsin conjugates
synthesized using PEGs of different molecular weights (Mw 1100, 2000 and 5000 g/mol) and
different linking chemistries. Trypsin (from bovine pancreas) was chosen as a cd‘ﬁvenient-fnodel
protein. It is a pancreatic serine protease, composed of a single polypeptide chain of 223 amino
acid residues, and it displays a narrow substrate specificity hydrolysing I-lysyl and l-argininyl
bonds of polypeptides (amidase aclivity; Walsh, 1970 and esterase activity; Bergmeyer et al,
1974} As the covalent attachment of p-nitrophenyl chloroformate (NPC) activated mPEG to
bovine pancreatic trypsin increased thermal stability {Gaertner and Puigserver, 1992; Zhang et al,,

1999) the PEG-trypsin conjugates were synthesised using succinic anhydride (SA), cyanuric



chloride (CC) or tosyl chioride (TC) to activate PEG (Scheme 1). The enzyme activities (Ky, Vi
and K_,) were determined by using N-benzoyl-L-arginine p-nitroanilide (BAPNA) and N-&-
benzoyl-L-arginine ethyl ester hydrochloride (BAEE) as substrates for amidase and esterase

activity, respectively.
Materials and methods

Materials

mPEGs of molecular weight 1100, 2000 and 5000 g/mol, succinic anhydride and 4-
dimethylaminopyridine (DMAP) were from Fluka (Switzerland). Bovine pancreatic trypsin (EC
3.4.21.4), cyanuric chloride, tosyl chloride, 1-ethyl-3-(3-dimethylaminopropyl} carbodiimide
hydrochloride (EDAC), 2,4,6-trinitrobenzene sulfonic acid (TNBS), BAPNA, BAEE, and the
Coomassie blue for protein assay were from Sigma (Germany). Ali other reagents and chemicals

were of analytical grade.

Methods

Preparation of activated mPEG

Succinoylated mPEG {SA-mPEG) (Scheme 1a). mPEG (1100, 2000 or 5000 g/mol; 1 mmol) was
dried by azeotropic distillation using toluene and then dissclved in anhydrous dimethylformamide
(DMF, 10 ml). Succinic anhydride (4 mmol) was added, followed by DMAP (4 mmol). The mixture
was stirred overnight at room temperature, the resulting polymer was then precipitated using
ether, recrystallized twice from CH,Cl/ether (1:40) and characterised by TLC (BuOH/AcOH/H,O,
4:1:1} (Zalipsky et al., 1983), FTIR and 'H NMR. The acid groups were quantified by titration
against standardized NaOH solution using bromothymol blue as an indicator (Hreczuk-Hirst et al.,
2001). '

Cyanurate mPEG (CC;mPEG) (Scheme 1b}. Cyanuric chloride (3 mmol) was dissolved in CH,Cl,
containing anhydrous sodium sulphate. mPEG (1100, 2000 or 5000 g/mol; 1 mmol} was added
and the mixture was stirred overnight at room temperature. The solution was then filtered, and
ether was added slowly with stirring. The finely divided precipitate was collected on a filter énd re-
dissolved in CH,Cl,. This precipitation and filtration process was repeated several times until the
ether was free of residual cyanuric chloride as determined by TLC (CHCL/MeOH, 7:1) following
the method of Schiavon et al, (2004). The product was characterised by FTIR and C NMR.

Tosylate mPEG (TC-mPEG) (Scheme 1c). Tosy! chloride (3 mmol) was dissolved in CH,CI,
containing anhydrous sodium sulphate. mPEG (1100, 2000 or 5000 g/mol; 1 mmol) and



triethylamine (1 mmol) was added and the mixture was stirred overnight at room temperature. The
solution was filtered, and ether was added slowly with stirring. The resulting white powder was
collected on a filter and re-dissolved in CH,Cl,, washed several times until the ether was free of
residual tosyl chloride as determined by TLC (CHCIy/MeOH, 9:1). The product was characterised
by FTIR and 'H NMR. |

PEGylation of trypsin Trypsin was modified with the activated mPEGs synthesized above as

follows.

Trypsin-succinoylated mPEG (Trypsin-SA-mPEG) (Scheme 1a). EDAC was added to the reaction
mixtures containing trypsin dissolved in 10 ml of 50mM potassium phosphate buffer, pH 6.0, and
succinoylated mPEGs of molecular weight 1000, 2000 and 5000 g/mo! using a molar ratio of
trypsin: succinoytated mPEGs (1:20, 1:40 and 1:60). The solution was stirred for 1 h at room
temperature and then for16h at 4 °C. It was then dialysed at 4 "C for 48 h against water using a
dialysis membrane of molecular weight cut-off 12,400 and the product was finally lyophilized
{Fernandez et al.,2003).

Trypsincyanurate mPEG (Trypsin-CC-mPEG ){Scheme 1b). Cyanurate mPEG was reacted with
trypsin solubilised in 0.1Msodium tetraborate buffer (pH 9.5, 2 mg/m!). As above a molar ratio of
trypsin: cyanurate mPEGs of 1:20, 1:40 and 1:60 was used. The resulting mixture was stirred at
room temperature for 4 h, and then brought to pH 3.0, and dialysed at 4 "C as above and the

product was lyophilised (Abuchowski and Davis, 1979).

Trypsin-tosylated mPEG (Tryp-TC-mPEG or TrypsinmPEG) (Scheme 1c). Tosylated mPEG was
reacted with trypsin sclubilised in 0.1Msodium tetraborate buffer (pH 9.5, 2 mg/mf)_ using the same
molar ratios as given above. The resulting mixture was stirred at room temperéture for 4 h, the
solution then brought to pH 3.0, and dialysed at 4 "C as above and the product was lyophilised
(Gaertner and Puigser;fer, 1992), '

]
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Characterisation of the trypsin conjugates

In all cases, the Bradford protein assay was used to determine the total protein content of
the conjugates. The extent of the protein modification was also estimated by determining the
number of remaining free amino groups using the TNBS assay as described by Fields (1971).
Briefly, sample (20 pl) was added to 0.1M sodium tetraborate buffer in 0.1M NaOH (0.5 mi} and
the volume was made up to 1 ml. Then, TNBS solution (20pl) was added and the solution was
rapidly mixed. After 5 min the reaction was stopped by adding 0.1M sodium phosphate buffer
containing 1.5M sodium sulfite (2.0 ml}), and the absorbance at 420 nm was determined. A blank

was prepared similarly without sample.

Determination of trypsin (native and conjugafe) activity using BAPNA

Amidase activity of native and the FEGy]ated-trypsin conjugates was measured using
BAPNA as a substrate (Murphy and O’Fagain, 1996). Briefly, 4.2mM BAPNA (18.2 mg dissolved
in 1ml DMSO and added to 9ml of 0.1M Tris—HCI, pH 8.2 containing 20mM CaCl,) (400pl} and
0.1M Tris~HCI, pH 8.2 containing 20mM CaCl, (580L1) were added to a 1 mi cuvette. Then, 20!
of free trypsin or PEG-trypsin conjugate (10ptg protein-equiv. in 0.1M Tris—HCI, pH B.2 containing
20mM CacCl;) was added and the solution was thoroughly mixed. The mixture was then incubated
in the water bath at 30 "C for 10 min. The absorbance was read using a Shimadzu UV 1601
Spectrometer (Kyoto, Japan} at 410 nm, and one unit of activity defined as the amount of enzyme
that hydrolyses 1 pmol BAPNA/min. The trypsin activity was calculated using a range of substrate
concentrations (0.4-2.0 mM) and a molar extinction coefficient 8800M ' cm = for free p-
nitrganiline {(PNA). The reaction volume was always 1.0 ml. To calculate the kinetic parameters, a
Lineweaver—Burk plot (Erlanger et al., 1961) was constructed as follows:

Unit of activity (unitimg) = (AAbs,,p,m» X 1000 x 1.0)/8800 x mg protein)

Determination of trypsin {(native and conjugate} activity using BAEE

Esterase activity of native and PEGylated-trypsin conjugates was determined at 25 'C
using BAEE as substrate. Briefly, 20 pl of free trypsin or PEG-trypsin conjugate (10 pg protein-
equiv.) was added to a cuvette containing 3 ml of 0.256 mM BAEE in 67 mM sodium phosphate
buffer, pH 7.6, then immediately mixed thoroughly by inversion. The increase in absorbance at
253 nm was measured for approximately 10 min and the trypsin activity was calculated for a
range of substrate concentrations 0.025-0.25 mM. One unit of esterase activity was defined as
the amount of enzyme that hydrolyses 1.0 mmol of BAEE/min at 25 °C (Bergmeyer et al., 1974)

as follows:

Unit of activity (unitimg) = {(AAbS,530m test — AAbS,za., blank)1000 x 3.02] /img protein



10

Evaluation of the thermal stability of PEG-trypsin conjugates

To test the thermal stability, native trypsin and the PEGyiated conjugates were incubated
in aqueous buffer {1.67mM of 0.1M Tris—HCI, pH 8.2 c:onta'ining 20mM CaCl, for amidase agtivity
and 0.25mM of 67mM sodium phosphate buffer, pH 7.6 for esterase activity) for 10 min at
temperatures between 30 and 70 "C. Then the residual trypsin for amidase or esterase activity
was assayed using BAPNA or BAEE as described above. The activities of samples were

' compared to that at 30 "C (Zhang et al., 1999; Fernandez et al., 2002, 2003).

Evaluation of autolysis of PEG-trypsin conjugates

Native trypsin and the PEGylated-trypsin conjugates were incubated at 40 "C in aqueous
buffer (0.1M Tris-HCI, pH 8.2 containing 20mM CaCl, for amidase activity and 67mM sodium
phosphate buffer, pH 7.6 for esterase activity} for 180 min. Aliquots of free trypsin or PEG-trypsin
conjugate (10 pg protein-equiv.) (20 W) were taken at different times and assayed for amidase or

. esterase activity using BAPNA or BAEE as described above,

Results and discussion

Synthesis and characterisation of the activated mPEG intermediates and PEG-trypsin
conjugates

The succinoylation of mPEGs of different molecular weight was monitored by TLC. No
free succinic anhydride was detected in the product, and the content of acid groups was 87-88%
by titration. FTIR of SA-mPEG showed disappearance of the characteristic of OH signals of
mPEG at 3461 cmﬂ, with the characteristic ester (1731 cmﬂ) and carboxyl group { COOH) of
succinoyl moiety (1647 cm_1). "H NMR confirmed the succinoylated mPEG characteristic peaks
through the aliphatic protons of succinoyl moiety at 2.5-2.7 ppm (4H) and muitiplet band of PEG
protons at 3.5-4.2 ppm. The FTIR spectra of CC-mPEG showed disappearance characteristic of
OH moiety of mPEG 4t 3470 cmﬂ, with a C=N characteristic peak at 1700 cm  and the skeleton
vibration of the 1,3,5-triazine ring at 803 and 1500 cm—1. 1E’C NMR showed 1,3,5-triazine carbon
ring at 172.1-174.2 ppm and carbon skeleton of PEG at 62.7-72.7 ppm. Similarly for the TC-
mPEG the FTIR spectra showed disappearance characteristic of OH moiety of mPEG at 3413
em | with, in this case, the characteristic SO, (1700 cm_1) and the aromatic (at 1398 and 1176
cmﬂ) peaks. "H NMR confirmed aromatic protons at 7.4-7.8 ppm and multiplet band of PEG
protons at.3.2-3.7 ppm (results not shown). These activated mPEG intermediates were then used
to prepare the library of trypsin conjugates. All the molecular weight PEGs produéed comparable
levels of amino groups substitution of trypsin (Table 1). When experiments were carried out to

ascertain the optimum ratio between trypsin:activated mPEG (reactions at molar ratios of 1:20,
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1:40 and 1:60), a reaction ratio of 1:20 gave an 'adequate degree of substitution; increased
amounts of the activated mPEG concentration did not show a higher degree of substitution. The
TNBS assay indicated that native trypsin had 11 accessible amino groups compared to the
primary structure trypsin from bovine pancreas which contains 14 lysine amino groups (Walsh,
1970). After modification, it appeared that 4-3 mPEG molecules were covalently bound depending
on the reaction conditions and specific mMPEG used. For all' PEG molecular weights, the degree of
medification was achieved using TC-mPEG > CC-mPEG > SA-mPEG (Table 1).This is probably

due to the fact that tosyl chloride is a better leaving group for the conjugation condition used.

Table 1 Estimated number of amino groups substituted in trypsin'r

Molar ratios of " " "
Conjugate mPEG 1100 mPEG 2000 mPEG 5000
trypsin and PEG :

Tryp-SA-mPEG 1:20 44107 461 0.1 54 + 0.1
Tryp-SA-mPEG 1:40 534 1.2 32+02 48201
Tryp-SA-mPEG 1:60 52+08 26402 52+ 0.1
Tryp-CC-mPEG 1:20 85+ 0.4 6.9 + 0.1 76+02
Tryp-CC-mPEG 1:40 8.6 0.1 52105 6.8 + 0.1
Tryp-CC-mPEG 1:60 8.5+0.3 40+03 48108
Tryp-TC-mPEG 1:20 9.1+ 0.1 9.7 £ 0.1 85404
Tryp-TC-mPEG 1:40 8.9+0.1 9.5+ 0.1 70+02
Tryp-TC-mPEG 1:60 9.0 + 0.1 8.9 + 0.1 70+08

'it should be noted that native trypsin has ~ 11 amino groups in the TNBS assay

" Data show mean + SD {n=23)

Enzyme activily of trypsin and PEG-trypsin conjugates measured using BAPNA

The kinetic parameters obtained for both native trypsin and the PEGylated-trypsin
conjugates (measured.using BAPNA as substrate) are summarised in Table 2. All conjugates had
tower activity than native trypsin. The conjugates synthesised using higher molecular weight PEGs
displayed much lower K, values indicating a higher afﬁnity for the binding site of trypsin.
Increasing molecular weight of mPEGs resulted in a decrease in the K, and V,,,, vafues seen.
These results were in contrast to the observation of Gaertner and Puigserver (1992) as they
found that all conjugates had a higher amidase activity {in terms of percentage) than trypsin. In
addition, the influence of the linkers on the enzyme efficiency of the conjugates as reported in
Table 2 for Kea/Ky values should be noted. Modification of trypsin with cyanurate mPEG
increased this catalytic parameter more than seen for the other conjugates. The trypsin conjugate

prepared using succinoylated mPEG displayed a higher rate of hydrolysis (mM/min) than other
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conjugates at 30 "C (Fig. 1). This was likely due to the fact that it contained fewer mPEG chains
than the other conjugates resulting in lower steric hindrance of the trypsin active site (Veronese,
2001).

-

Table 2 Enzyme activity. Kinetic parameters of native and PEG-trypsin conjugates'r

Residual A
Conjugate K, (mM) V... (min) Keat (57
activity (%)
Trypsin 100 0.88 £ 0.09 0177 £ 0.002 6.1+08
Tryp-SA mPEG 1100 96.2+20 115+ 0.16 | 1.047 + 0.389 6.6 £ 06
Tryp-SA mPEG 2000 76.8+95 0.93+£0.09 0.457 £ 0.061 53+08
Tryp-SA mPEG 5000 65.2 +8.3 0.79 £ 0.03 0.206 £ 0.026 4005
Tryp-CC mPEG 1100 17.5+09 0.83 £ 0.09 0.104 + 0.025 1.1+£02
Tryp-CC mPEG 2000 42.0+ 9.8 0.45+0.13 0.089 + 0.017 27+06
Tryp-CC mPEG 5000 92987 0.34 + 0.07 0.040 £ 0.004 - 47+05
Tryp-TC mPEG 1100 19924 071011 0.160 £ 0.014 1.2+0.1
Tryp-TC mPEG 2000 68.5 0.3 0.66 + 0.02 0.063 + 0.001 41+0.1
Tryp-TC mPEG 5000 676 +06 0.48 £ 0.06 0.036 £ 0.010 34+05
'In all cases the conjugates were prepared using a molar ratio of 1:20
0.5+
wegeee TRYPSIN
—m—-Trypsin-SA mPEG 5000 _
044 e Trypsin-CC mPEG 5000 P
: -
s Trypsin-TC mPEG 5000

UV absorbance 410 nm

034

0.2 4

0.14

0 30 80 90 120 150 180

Time (sec)
Fig. 1. Comparison of the activity of native and PEG-modified trypsin conjugates. The PEG used had a

molecular weight of 5000 g/mol. In each case 10 mg/ml protein (trypsin) equivalent was used

{meantS.D.; n=3).
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Thermal stability and autolysis of trypsin and PEG-trypsin conjugates

All mPEG-modified trypsins showed increased thermal stability compared to native trypsin
(Figs. 2 and 3). This was true at all temperatures studied {(except 70 "C) and when both BAPNA
(Fig. 2) and BAEE (Fig. 3) were used as substrates. The highest activities were found when using
the PEG with molecular weight of 5000 g/mol in all cases. This may be due to greater protection
given by the higher molecular weight polymer chain; the hydrophilic PEG chain can swell and
wrap around trypsin. Moreover, the PEG chain can form a highly hydrogen-bonded structure
around the trypsin molecule (Gaertner and Puigserver, 1992; Zhang et al.,1999).

The time course for autolysis for native and modified trypsin at 40 "C was determined
using both BAPNA and BAEE as substrates (Figs. 4 and 5 respectively). The half-life (¢1/2) of the
PEG-trypsin conjugates was increased up to 4 fold compared to native trypsin (Table 3), and
trypsin-modified with mPEG 5000 displayed the highest percentage retention of residual activity
using both substrates and for all types of linker used. Thé values of residual activity measured
using BAPNA as substrate were: native trypsin (13%), trypsin-SA-mPEG 5000 (37%), trypsin- CC-
mPEG 5000 (50%) and trypsin-TC mPEG 5000 (39%) respectively. Stability was thus in the order
CC > TC > SA, and moreover the same result was observed when using BAEE as substrate
{residual activity 2, 8, 75 and 38% respectively).

All the mPEG-trypsin conjugates were less prone to autolysis compare to the native
trypsin and they showed similar autolysis patterns. As the molecular weight of mPEG decreased
the conjugates were less stable. This increased stability might be explained by specific
meodification of lysine residues (remembering the substrate specificity of trypsin) as this would
inherently be expected to protect against autolysis, and/or the fact that the mPEG chains attached
on the enzyme surface would anyhow cause non-specific steric hindrance (Murphy and Q'Fagain,
1996). However, the observation that the higher molecular weight PEGs produced greater trypsin
stability suggest a major role for the latter mechanism. The increasing of thermal stability of
medified trypsins could also result from the formation of a highly hydrogen-bonded structure, with
polymer wrapped around the protein (Gaertner and Puigserver, 1992; Zhang et al.,1999).

In the context‘of therapeutic protein formulation development, the active ingredient must
be stable during formulation manufacture and for the shelf-life of the product. As thermal stability
can be a good predictor of activity it is important to note that trypsin-modified with mPEG 5000
showed better stability compared to the native trypsin when tested at high temperature (Fig. 2).
This study therefore underlines that, not only is the choice of PEG molecular weight and linking
chemistry important in terms of retained biological activity of the protein, it may have an important

impact on issues relating to formulation development.
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Figure 5 Autolysis of native and PEG-modified trypsin conjugates measured using BAEE as a substrate

{(meantS.D.; n = 3).
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Table 3 Half-life of native and PEG-trypsin conjugatesfr
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Conjugate Substrate'

BAPNA BAEE <

mPEG mPEG mPEG mPEG mPEG mPEG
Trypsin Trypsin

1100 2000 5000 1100 2000 5000

Trypsin 41 +1 - - - B+1 - - -
Tryp-SA-mPEG - 45 + 1 56+1 102 %1 - 81 9+1 13 +1
Tryp-CC-mPEG - 73 + 1 119+2 18012 - 15¢1 201 >180
Tryp-mPEG - 95+ 2 127+3 1573 - 12 £ 1 1511 60 £ 1

TExpt—:‘riments were conducted at 40 °C and the hydrolysis of BAPNA and BAEE was used to measure

residual trypsin activity

"Data represent ty,, min (mean + SD) (n=3)

Conclusions

In this study, trypsin was successfully conjugated with mPEG of molecular weight 1100,
2000 and 5000 g/mol. Although chemical modification of mPEG to trypsin could decrease activity
of trypsin, but the modified trypsin conjugates containing the higher molecular mass mPEG
showed higher affinity to binding site of enzyme with substrate, higher thermal stability, more
stable against autolysis and had an increased f,,, compared to the native enzyme. The trypsin-

conjugated mPEG 5000 having cyanurate linker demonstrated the best thermal stability.
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B-cyclodextrin- and PAMAM dendrimer-trypsin conjugates

Abstract

Bovine pancreatic trypsin conjugates weré first synthesized using succinoylated B-

cyclodextrin and succinoylated PAMAM dendrimer. Their conjugates had a trypsin content of 72
| and 50 wt %, respectively. The trypsin activity of conjugates measured by using N-Q-benzoyl-D,
L-arginine-p-nitroanilide hydrochtoride (BAPNA) as substrate was decreased by polymer
conjugation. The kinetic parameters (Ky, V. and K.,) were also calculated. The B-cyclodextrin-
trypsin conjugate was more stable than native trypsin and PAMAM-trypsin conjugate at all

temperatures between 30-70°C. It also exhibited better thermal stability in the autolysis assays at
40°C.

Keywords— ﬂ -cyclodextrin, PAMAM dendrimer, polymer-protein conjugates, thermal stability
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Introduction

The use of enzymes as therapeutic agents is often limited by the low resistance to
proteolytic enzyme, short circulating half-life and immunogenicity of these proteins [1]. During the
last few decades, several efforts have been devoted to the development of new methodologies for
increasing functional stability of protein without affecting their biological behavior. Polymer
conjugation, especially using PEG has been broadly used to reduce their immunogenicity and
improve both the resistance to proteclytic degradation and thermal stability [2]. Our recent studies,
a series of PEG-trypsin conjugates were synthesized using PEGs of different molecular weights
and with different linking chemistries. The effect of chemical compositions on bioactivities of the
conjugated enzyme, its autolysis and its thermal stability were studied. It was found that both
molecular weight of PEG and the linkers play important roles on their activity and stability [3].

Historically, carbohydrate compounds have been extensively used as modifying agents for
enzymes. [-cyclodextrin (3-CD, 1,135 g/mol) is a cyclic non-reducing o-(1-4)-linked D-
glucopyranose composed of 7 glucose units in the chair conformation. The structure of these
remarkable molecular receptors resembles a truncated annular cone with a central cavity, which is
hydrophobic in nature and has the appropriate size to include a wide variety of hydrophobic guest
compounds [4]. Previous study reported that amino derivatives of B-CD can be coupled to
aspartic and glutamic acid residues of proteins under mild conditions [5]. 3-CD was conjugated to
many enzymes such as trypsin [5-7], a-chymotrypsin [8] and oxytocin [9]. Therefore, B-CD was
chosen in this study and modified with a different linker using succinoylation before conjugation to
amino group of trypsin. '

Polyamidoamine (PAMAM) dendrimer is another interesting class of drug carriers. It has
well-define structure and consists of a central core and branched monomers. It has a globular
shape and a large number of end groups. The ideal dendrimer should exhibit high aqueous
solubility and .drug-foading capacity, bicdegradability, low toxicity, favorable retention and
biodistribution characteristics, specificity, and appropriate bioavailability [10]'. PAMAM dendrimer
can be classified by the surface or terminal groups such as amine (-NH2), carboxyl (-COOH) and
hydroxyl (-OH) groups [11]. PAMAM-NH, and PAMAM-OH were widely used for conjugation to
many drugs such as S5-ASA [12], ibuprofen [13], methotrexate [14], methylprednisolone [15],
paclitaxel [16], Penicillin V [17], propanolol [18]. However, the use of this polymer for conjugation
to enzymes has not been reported. PAMAM-OH, G3 (6,941 g/mol) was chosen to bound with
trypsin in this study because: PAMAM-OH has rmany hydroxyl group similar to B-CD.

Trypsin is widely used as a model protein. It is a well-studied serine protease involved in
the digestién process of mammals that cleaves specific peptide bonds having a lysine or arginine
residue [19]. Therefore, the aim of this study was to examine the effect of B-CD and PAMAM

dendrimer on aclivity, autolysis and thermal stability of trypsin in conjugation system.
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Materials and methods
Materials )
B-cyclodextrin was purchased from Fluka (USA) and PAMAM dendrimer (-OH) was from
Aldrich (USA). N-Hydroxysulfosuccinimide sodium salt {sulfo-NHS) was purchased from Fluka
{Switzerland). Bovine serum albumin (BSA) was from Sigma (Switzerland). Trypsin from bovine
pancreatic, N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) and N benzoyl-
D, L-arginine-p-nitroanilide hydrochloride (BAPNA) were supplied by Sigma (UK). Al chemicals

used in this study were analytical grade.

Methods

Succinoylation of polymers

[B-cyclodextrin (0.5 g, 0.38 mmol) and succinic anhydride (0.5 g, 5 mmol} were dissolved
in anhydrous pyridine (10 mi) for 4 h. The succinoylated $3-cyclodextrin was then precipitated by
addition of 40 ml isopropy! alcohol. The precipitate was then washed 3 times with 10 ml isopropyl
alcohol [20] (Figure ta).

PAMAM dendrimer {1 mmol) was dissolved in DMF (5 ml) and succinic anhydride (32
mmo!) was added followed by DMAP (32 mmol). The reaction mixture was purged with N,, sealed
and stirred overnight at 50°C, under N,. It was then poured into vigorously stirred diethyl ether (1
L) and stirred for 10 h. The ether was removed by filtration under vacuum and the remaining solid
was dissolved in minimum amount of distilled water, poured into a dialysis membrane (molecular
weight cut-off 3,500 g/mo!) and dialyzed against distilled water for 48 h. The resulting solution was
freeze-dried to yield succinoylated PAMAM dendrimer [21] (Figure 1b).

The products were litrated to quantify the %. carboxylic acid groups (using 1%

bromothymol blue as indicator and NaOH as base), and characterized by FTIR and 'H NMR.

LY

Chemical conjugation of trypsin

The succinoylated [-cyclodextrin (103.0 mg) was dissolved in distilled water (2 mL). EDC
(24.0 mg) was added and the reaction mixture was stirred for 10 min. Then, sulfo-NHS (29.4 mg)
was added and the reaction mixture was stirred for a further 45 min. Trypsin (24.6 mg) was then
added to the reaction mixture and the pH was adjusted to pH ~ 8 by addition of 0.5 mM NaOH
solution drppwise. The reaction mixture was continued stirring for 18 h at room temperature. The

conjugate was purified by FPLC, and the collected fractions were desalted using an Amicon

Ultracei ™ tubing of molecular weight cut-off 10,000 g/mo! before freeze-drying. The conjugate
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was characterized by SDS-PAGE electrophoresis, GPC, and FPLC. Bradford protein assay was
used to estimate the total protein content {22] with BSA standards.

Succinoylated PAMAM dendrimer {90 mg) was dissolved in distilted water (2 mL). EDC
(14.3 mg) was added and the reaction mixture was stirred for 10 min. Then, suifo-NHS (16.6 mg)
was added and the reaction mixture was stirred for a further 45 min. Trypsin (26.8 mg) was then
added to the reaction mixture (Figure 2}. The remaining procedure, purification and

characterization were performed as described for B-cyclodextrin-trypsin conjugates.

(a) i (""
L ey 0ey -0 20
. el \‘-___f
430' 'V Succinic anhydride
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e o Anhydrous pyridine
:‘)\ ) e 4h, RT
", .0
\e/' “
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B S DMF, DMAP
o e 14 h, 50°C

Figure 1 Reaction scheme of (a) succinoylated [3-cyclodextrin and (b} succinoylated PAMAM
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Figure 2 Reaction scheme for polymer-trypsin conjugates preparation
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Enzyme activity determination

Activity of free and conjugated trypsin was determined using BAPNA as a substrate. A solution
of each polymer-trypsin conjugates {equivalent to trypsin 2 pg in 0.1 M tris-HC!, pH 8.2 containing
20 mM CaCl,) was added to the BAPNA solution (0.02-0.2 mg/m! in 0.1 M Tris-HCI, pH 8.2
containing 20 mM CaCl,). The absorbance was measured at 410 nm after incubation at 30°C for

1C min.

Thermal stability and autolysis determination

Thermal stability was assessed as follows. Native trypsin and the polymer-trypsin
conjugates were incubated in 0.1 M Tris-HCl, pH 8.2 containing 20 mM CaCl, for 10 min at
temperature between 30-70°C [5]. Then the residual enzyme activity was assayed using BAPNA
as described above.

To determine autolysis, native trypsin and polymeér-trypsin conjugates were incubated at
40°C in 0.1 M Tris-HCI, pH 8.2 containing 20 mM CaCl, for 180 min. Aliquots (20 pL} of free
trypsin or polymer-trypsin conjugates (2 Jig protein-equiv.) were removed at different times and

assayed for retained amidase activity using BAPNA as described above.

Results and discuss}on

Synthesis and characterization of the succinoylated polymer

Succinoylated B-CD and succinoylated PAMAM were successfully synthesized. FT-IR
confirmed the presence of the ester functional group at 1731 and 1722 cm’ in succinoylated [3-
CD (Figure 3a) and succinoylated PAMAM (Figure 3b), respectively. A degree of COOH content
was assayed by titration. One molecule of succinoylated [B-CD and succinoylated PAMAM
contained 3 and 1.1 carboxylic groups, respectively. 'H-NMR and "C-NMR cor;ﬁrmed the
formation of succinoytated polymers. Succinoylated [3-CD (Figure 4a) showed muttiplet peaks of
ethyl protons at 2.3-2.7 ppm which was not observed in spectrum of [3-CD. C-NMR spectrum of
succinoylated PAMAM showed carbonyl of carboxylic and ester peak at 181.4 ppm and 176.3
ppm, respectively (Figure 4b).



(a) |

%T

B -cyclodextrin
A {

lﬂs 42 - V \/\ /\/\ (\‘)f\ ‘\[\Jﬂ
!

SV

4 " .. Succinoylated B-cyvclodextrin
.,/ | \\-\_\

\1. ;’{’ \‘:\ Tyv: e, jv] .f\ L
VoY o N AN
'\ / / 164!42\ A | \f‘f‘
\v/ i i NV \"v\ {'I\\ ;'
mo%\[ ! L
\\\l iy \,\f
4600.0 3000 2000 1500 1000 450.0
cmt
by 1 7 y 7T PAMAM-OH
‘| Y P
) J \2 \, /wm\_/f\/\‘\ ';/ \\
/ ‘\\
.\‘J b
1 "f /\\‘ \\’\.
l‘a\ / Yo 15628 \\
v/
R 1639.25 3\
%T +— e . B
\! P v Succinoylated PAMAM
: !/
| ! \ : ) ’/\'\
O e W
L SRRV .
| N 172179 P -,
i i i } ",
1'] "j \ f\ [ ‘\
\ / Y \
Ky / i/ U Y
. 163925 136282 5,
4000.0 3000 2000 1500 1000 450.0
cm!
Figure 3 FT-IR characterization

compare to their parent polymers

(a) succinoylated B-CD and (b) succinoyléted PAMAM

26



27

(®
Succinoylated B-cyclodextrin
Aliphatic protons (4H)
|
( -
| l //
Tl
J ok
u’ l ’h' f*\ U i
e VYA
i 5 3 :
(b) ,
e _ . 1. .JJ(\, ,
S
z00 180 168 140 120 109 a0 50 48 20

Figure 4 NMR spectra of succinoylated polymers. Panel (a) "H-NMR of succinoylated [3-CD and
Panel {b) “C-NMR of succinoylated PAMAM; peak (1) showed carbonyl of carboxylic at 181.4
ppm and peak (2) showed carbonyl of ester at 176.3 ppm.

Synthesis and characterization of the polymer-trypsin conjugates

B-CD - and P/\MAM-trypsin conjugates were prepared and purified by FPLC to separate
the conjugate from free trypsin (Figure 5a). The purity was confirmed by SDS-PAGE that no free
trypsin was detected (Figure 5b).

The molecular weight of conjugate was predicted from FPLC standard curve as shown in
Table I. The B-CD - and PAMAM-trypsin conjugates contained 72 and 50 wt% total protein and
the ratio of polymer: trypsin was 6.7:1 and 2.6:1, respectively (Table ).
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SDS-PAGE

TABLE | CHARACTERISTIC OF POLYMER AND POLYMER-TRYPSIN CONJUGATES

23

Protein content (wt%) Mw (g/mol) Polymer: trypsin ratio
Trypsin® - 21,400 -
p-CD - 1,135 .
B-CD -trypsin 72 29,000" 8.7:1
PAMAM dendrimer - 6,941
PAMAM-trypsin - 50 39,300" 2.6:1

aT:'ypsin from bovine pancreas (Mw 23,800; 223 amino acids) (http://www.sigmaaldrich.com)
bEsﬁmated using protein FPLC standards (bovine pancreas ribonuclease A, Mw 13,700;
chymotrypsinogen A, Mw 25,000; bovine pancreas ovalbumin, Mw 43,060 and hen egg albumin,
Mw 67,000)
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Enzymatic activity of trypsin and polymer-trypsin conjugates

The polymer-trypsin conjugates showed lower Ky, Vi, and K., The activity of B-CD and
PAMAM-trypsin reduced to 13.9 and 29.2 %, respectively, compared to the free trypsin value
{Table 11}. This result is similar to the previous studies which the reduction of trypsin activity was
found after polymer conjugation [3, 23-26). The enzymatic activity of trypsin also decreased after
conjugation. It may be due fto the denaturation. of the profein structure during chemical
modification, the modification of essential functional groups, refolding of the protein chain upon
attachment of polymer, altering the active site making it less effective, or by steric hindrance
preventing access of substrates to the active sites [27)].

In this study, enzyme kinetic analysis using the Hanes-Woolfe plot indicated that
Michaelis constant value {Ky) in Table Il decreased afterA B-CD attachment compare to native
trypsin. However, Ky, value was similar to native trypsin upon attachment to PAMAM, suggesting
that apparent affinity is not altered by polymer conjugation. It is likely to be due to steric hindrance
réstricting access of the substrate to the active site. Morsover, the conjugates displayed V

max

values that were ~3-4 fold lower, and the substrate turnover rate K, was decreased ~3-7 fold

lower (Tabie I1).

TABLE H ENZYME ACTIVITY OF NATIVE AND POLYMER-TRYPSIN CONJUGATES

Trypsin B-CD-trypsin” PAMAM-trypsin’
Activity (%) 100 13907 292 + 1.8
Kn(mM) 0.29 + 0.05 0.15  0.04 0.26 +0.02
Vinae (MM/min) 1.5+ 0.19 0.37 £0.02 0.44 + 0.03
K.(s") 0.30 + 0.04 0.04 + 0.01 0.09 + 0.01

"Data shown relate to the trypsin control; mean + SD (n=3)

Thermal stability and-autolysis of trypsin and polymer-trypsin conjugates

The progressive decline in enzyme activity was detected for both polymer-trypsin
conjugates and trypsin with incubation time at all terﬁperatures (30-70°C) (Figure 6a, 6b and 6¢).
The B-CD -trypsin conjugate was more stable than native trypsin at all temperatures (Figure 7a).
After incubation at different temperature (30-70°C) for 10 min, it has been found that the PAMAM-
trypsin conjugate was inactivated at 50°C white 3-CD -trypsin and native trypsin were inactivated
at 70°C. However, thermal resistance were observed for trypsin, B-CD -trypsin and PAMAM-

trypsin conjugates, expressed in the values of T, of 47°C, 55.5°C and 44°C, respectively.
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Figure 6 Effect of temperature (30-70°C) on the activity of (a) native bovine trypsin, (b) p-CD-
trypsin conjugates and (¢) PAMAM-trypsin conjugates measured using BAPNA as a substrate

after incubation for 180 min (mean; n = 3).
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Murphy and O’'Fagain (1996) described the covalent modification of trypsin with acetic
acid N-hydroxysuccinimide ethyl ester, and only an increase of 5°C was obtained for Ty, [28]).
Similarly, stabilization was also reported for trypsin meodified with carboxymethylcellujose,
obtaining showed increasing of 7°C for Tg, under similar experimental conditions [25]. Several
monosubstituted amino derivatives of B-CD were also used for modifying with carboxytic group of
trypsin. Fernandez, et al. (2003) were performed the similar experiment, the results showed an
increase of 12.5-14.5°C for T4 of B-CD -trypsin conjugates. Their results were similar to our
studies which used the succinoylated B-CD containing carboxylic end group to coupling with
amino group of trypsin. The spacer arm of polymer has influenced in chemical change in the
protein structure and resulted in stability effect or efficacy of polymer-protein conjugates [5].

The B-CD-trypsin was more stable while the PAMAM-trypsin conjugate was more
susceptible to autolysis at 40°C than native trypsin (Figure 7b}. The half-life (t,,) calculated from
the time course for autolysis was shown in Table Ill. With the same linker of conjugates, the order

of t,,, was the [3-CD -trypsin > PEG-trypsin conjugates > native bovine trypsin > PAMAM-trypsin
conjugate.
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Figure 7 Autolysis (40 °C) of native, p-CD-, PAMAM- and PEG-trypsin conjugates measured

using BAPNA as a substrate (mean; n = 3).
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TABLE I}l HALF-LIFE (T,,) OF NATIVE AND POLYMER-TRYPSIN CONJUGATES

Compound Half-life (t ,,z)a .
Trypsin 40 £1
B-Cyclodextrin-trypsin conjugate 125 +3
PAMAM-trypsin conjugate 17 1
PEG-trypsin conjugateb 102 £ 1

aExperimen'(s were conducted at 40°C and the hydrolysis of BAPNA was used to measure
residual trypsin activity. Data represent t1/2 min (mean + SD) (n=3).

"Data taken from [3].

The possible structure of 3-CD - and PAMAM-trypsin conjugates were shown in Figure 8.
[}-CD might be expected to enhance protection from autolytic attack due to steric hindrance by
wrapping around protein [3, 27]. It could be due to the glycosidic —OH groups in poly{glucose)
polymer can create hydrogen-bonding to protect and stabilize proteins [28).

Interestingly, the PAMAM-trypsin conjugates displayed lower thermal stability and had a
lower t,, for autolysis than other conjugates and native trypsin. Trypsin was less effective after
conjugated with PAMAM dendrimer. It might be because of (i) a less steric hindrance of PAMAM
structure due to a less number of PAMAM molecules in the conjugate, (it} modifying at essential
functional groups that maybe interfere the active site of trypsin [27], or (ii) the chemical

modification of the trypsin with PAMAM dendrimer may cause some degree of aggregation [30].

(@)

Figure 8 Possible structure of (a) B-CD-trypsin conjugates and (b) PAMAM-trypsin conjugates

Conclusion
The use of B-CD and PAMAM dendrimer as modifying agents for trypsin was described.
The type and shape of polymer play important roles on kinetic parameters and enzyme activity. f3-
CD had a potential to use for protein conjugation. It can stabilize and protect protein from®
degradation better than PAMAM dendrimer. Modifying the protein drugs with this polymer is

interesting area for further investigation.
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Abstract

PEGylated proteins are routinely used as therapeutics, but systematic studies of the effect of PEG molecular weight and linking chemistry on
the biological activity and particularly the thermal stability of the conjugated protein are rarely made. Here, activated monomethexypolyethylene
glycol (mPEG)s (Mw 1100, 2000 and 5000 g/mol) were prepared using succinic anhydride (SA), cyanuric chloride (CC} or tosyl chloride (TC)
and used to synthesise a library of trypsin conjugates. The enzyme activity (Km, Vinae and Keu) of native trypsin and the mPEG-modified trypsin
conjugates was compared using N-benzoyl-L-arginine p-nitroanilide (BAPNA) as a substrate, and their thermal stability determined using both
BAPNA and N-a-benzoyl-L-arginine ethyl ester hydrochloride (BAEE) as substrates to measure amidase and esterase activity respectively. The
effect of conjugate chemistry on trypsin autolysis was also examined at 40 °C. PEG-irypsin conjugates containing the higher molecular weight of

mPEG (50000 gfinol) were more stable than free trypsin, and the conjugate containing CC-mPEG 5000 g/mol had the best thermal stability.

© 2008 Elsevier B.V. All rights reserved.

Keyvwords: Monomethoxypolyethylene glycol (mPEG); PEG conjugates; Thermal stability; Trypsin

1. Introduction

The biotechnology revolution has produced many novel
peptides and proteins that have become important new drugs.
More than 80 are now marketed in the United States, and 350 are
undergoing clinical trials (reviewed in Harris and Chess, 2003).
However, protein drugs also possess several shortcomings that
limit their usefulness. These include premature degradation due
to susceptibility lo destruction by proteolytic enzymes, short
circulating half-life, low solubility, rapid kidney clearance of
lower molecular weight proteins and potential immunogenicity.
Conjugation of proteins and peptides to natural or synthetic
polymers has shown the ability to solve many of these problems
(reviewed in Harris and Chess, 2003; Pasut and Veronese, 2007).

* Corresponding author, Tel.: #66 74 288913, fax: +066 74 428148.
E-mail address: ruedeekorn.w@psu.ac.th (R, Wiwattanapatapee).

0378-5173/8% - see front matter © 2008 Elsevier B.V. All rights reserved.
doi: 10,4016/ ijpharm 2008 0F 016

Although a variety of polymers have been used for protein
conjugation, polyethylene glycol (PEG) has been most popu-
lar due to its excellent water-solubility, and it is known to be
safe being FDA approved for use in injectable, topical, rec-
tal and nasal formulations. PEG is synthesised by anionic ring
polymerisation of ethylene oxide using methancl or water as
initiator to give a linear polyether that can be modified to ensure
a single terminal reactive functional group e.g. monomethoxy
PEG (mPEG). This enables protein modification without risk of
cross-linking (reviewed in Pasut and Veronese, 2007, Duncan,
2003; Greenwald et al., 2003; Harris and Chess, 2003). More-
over, PEG polymerisation can be controlled to produce a wide
range of discreet molecular weights (<5000-50,000 g/mol} with
low polydispersity (Mw/Mn from <1.01 to 1.1 for higher PEGs
of Mw ~50,000 g/mol}). The high hydration and flexibility of
the PEG chain enables a reduction in antigenicity of proteins
to which it is bound, and careful choice of PEG molecu-
lar weight enables fine tuning of plasma pharmacokinetics
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and route of elimination (by renal and hepatic pathways) of
specific peptides and proteins to suit their pharmacodynamic
requirements.

Despite the large number of studies on PEG-protein mod-
ification, including the emergence of novel linking chemistry
{Brocchini et al., 2006), there has been litile attempt to sys-
tematically study the effect of PEG molecular weight and
linking chemistry on protein properties such as thermal sta-
bility. Therefore, the aims of this study were to compare the
enzyme activity (kinetic parameters), the thermal stability and
autolysis of a library of PEG-modified trypsin conjugates syn-
thesised using PEGs of different molecular weights (Mw 1100,
2000 and 5000 g/mol) and different linking chemistries. Trypsin
{from bovine pancreas) was chosen as a convenient model pro-
tein. It is a pancreatic serine protease, composed of a single
polypeptide chain of 223 amino acid residues, and it dis-
plays a narrow substrate specificity hydrolysing L-lysyl and
L-argininyl bonds of polypeptides (amidase activity; Walsh,
1970 and esterase activity; Bergmeyer et al., 1974). As the cova-
lent aitachment of p-nitrophenyl chloroformate (NPC) activated
mPEG to bovine pancreatic trypsin increased thermal stability
{Gaertner and Puigserver, 1992; Zhang et al., 1999) the PEG-
trypsin conjugates were synthesised using succinic anhydride
{SA), cyanuric chloride (CC) or tosyl chloride (TC) to activate
PEG (Scheme 1). The enzyme activities (K, Vipax and Key)
were determined by using N-benzoyl-L-arginine p-nitroanilide
(BAPNA) and N-a-benzoyl-L-arginine ethyl ester hydrochlo-
ride (BAEE) as substrates for amidase and esterase activity,
respeclively.

2. Materials and methods
2.1. Materials

mPEGs of molecular weight 1100, 2000 and 5000 g/mol,
succinic anhydride and 4-dimethylaminopyridine (DMAP)
were from Fluka (Switzerland). Bovine pancreatic trypsin
(EC 3.4.21.4), cyanuric chloride, tosyl chloride, 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide hydrochloride (EDAC),
2.4.6-trinitrobenzene sulfonic acid (TNBS), BAPNA, BAEE,
and the Coomassie blue for protein assay were from Sigma
{Germany). All other reagents and chemicals were of analytical
grade. N

2.2. Methods

2.2.1. Preparation of activated mPEG

2.2.1.1. Succinoylated mPEG (SA-mPEG) (Scheme la).
mPEG (1100, 2000 or 5000g/mol; 1 mmol) was dried by
azeotropic distillation using toluene and then dissolved in
anhydrous dimethylformamide (DMF, 10 ml). Succinic anhy-
dride (4 mmol) was added, followed by DMAP (4 mmot!). The
mixture was stirred overnight at room temperature, the result-
ing polymer was then precipitated using ether, recrystallized
twice from CH;Cly/ether (1:40) and characterised by TLC
(BuOH/AcOH/H,0), 4:1:1) (Zalipsky et al., 1983), FTIR and 'H
NMR. The acid groups were guantified by titration against stan-
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Scheme !. Reaction scheme for synthesis of (a) trypsin-succinoylated mPEG
conjugates; (b) trypsin-cyanurate mPEG conjugates; (¢} trypsin-mPEG conju-
gates.
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dardized NaOH solution using bromothymol blue as an indicator
(Hreczuk-Hirst et al., 2001).

2.2.1.2. Cyanurate mPEG (CC-mPEG)(Scheme 1b). Cyanuric
chloride (3 mmol) was dissolved in CH;Cls containing anhy-
drous sodium sulphate. mPEG (1100, 2000 or 5000g/mol;
1 mmol) was added and the mixture was stimed overnight at
room temperature. The solution was then filtered, and ether was
added slowly with stirring. The finely divided precipitate was
collected on a filter and re-dissolved in CH2Cly. This precip-
ttation and filtration process was repeated several times until
the ether was free of residual cyanuric chloride as determined
by TLC (CHCl3/MeOH, 7:1) following the method of Schiavon
et al. (2004). The product was characterised by FTIR and kle
NMR.

2.2.1.3. Tosylate mPEG (TC-mPEG) (Scheme Ic). Tosyl chlo-
ride {3 mmol) was dissolved in CH2Cl2 containing anhydrous
sodium sulphate. mPEG (1100, 2000 or 5000 g/mol; 1 mmol)
and triethylamine (1 mmol) was added and the mixture was
stirred overnight at room temperature. The solution was filtered,
and ether was added slowly with stirring. The resulting white
powder was collected on a filter and re-dissolved in CH;Cl3,
washed several times until the ether was free of residual tosyl
chloride as determined by TLC (CHCl:/MeOH, 9:1). The prod-
uct was characterised by FTIR and 'H NMR.

2.2.2. PEGylation of trypsin
Trypsin was modified with the activated mPEGs synthesised
above as follows.

2.2.2.1. Trypsin-succinoylated mPEG (Trypsin-SA-mPEG)
{Scheme [a). EDAC was added to the reaction mixtures
containing trypsin dissolved in 10ml of 50mM potassium
phosphate buffer, pH 6.0, and succinoylated mPEGs of molec-
ular weight 1000, 2000 and 5000 gfmol using a molar ratio
of trypsin: succinoylated mPEGs (1:20, 1:40 and 1:60). The
solution was stirred for 1h at room temperature and then for
16h at 4°C. It was then dialysed at 4 °C for 48 h against water
using a dialysis-membrane of molecular weight cut-off 12,400
and the product was finally lyophilized (Fernandez et al,
2003).

2.2.2.2. Trypsin-cyanurate ~ mPEG  (Trypsin-CC-mPEG)
{Scheme Ib). Cyanurate mPEG was reacted with trypsin solu-
bilised in 0.1 M sodium tetraborate buffer (pH 9.5, 2 mg/ml). As
above a molar ratio of trypsin: cyanurate mPEGs of 1:20, 1:40
and 1:60 was used. The resulting mixture was stirred at room
temperature for 4h, and then brought to pH 3.0, and dialysed
at 4 °C as above and the product was lyophilised (Abuchowski
and Davis, 1979).

2.2.2.3. Trypsin-tosylated mPEG (Tryp-TC-mPEG or Trypsin-
mPEG) (Scheme Ic). Tosylated mPEG was reacted with trypsin
solubilised in 0.1 M sodium tetraborate buffer (pH 9.5, 2 mg/ml)
using the same molar ratios as given above. The resulting

mixture was stirred at room temperature for 4h, the solu-
tion then brought to pH 3.0, and dialysed at 4°C as above
and the product was lyophilised (Gaertner and Puigserver,
1992).
2.2.3. Characterisation of the trypsin conjugates

In all cases, the Bradford protein assay was used to deter-
mine the total protein content of the conjugates. The extent of
the protein modification was also estimated by determining the
number of remaining free amino groups using the TNBS assay
as described by Fields (1971). Briefly, sample (20 ) was added
to 0.1 M sodium tetraborate buffer in 0.1 M NaOH (0.5 ml) and
the volume was made up to 1 ml. Then, TNBS solution (20 ul)
was added and the solution was rapidly mixed. After 5 min the
reaction was stopped by adding 0.1 M sodium phosphate buffer
containing 1.5 M sodium sulfite (2.0m!), and the absorbance at
420 nm was determined. A blank was prepared similarly without
sample.

2.2.4. Determination of trypsin (native and conjugate)
activity using BAPNA

Amidase activity of native and the PEGylated-trypsin conju-
gates was measured using BAPNA as a substrate (Murphy and
O’Fagain, 1996). Briefly, 42 mM BAPNA (18.2mg dissolved
in 1 ml DMSO and added to 9ml of 0.1 M Tris—HCI, pH 8.2
containing 20 mM CaCly) (400 pl) and 0.1 M Tris-HC], pH 8.2
containing 20 mM CaCl; (580 pl) were added to a I ml cuvette,
Then, 20 u! of free trypsin or PEG-trypsin conjugate (10 pg
protein-equiv. in 0.1 M Tris—-HCI, pH 8.2 containing 20 mM
CaCl,) was added and the solution was thoroughly mixed. The
mixture was then incubated in the water bath at 30-°C for 10 min.
The absorbance was read using a Shimadzu UV 1601 Spectrom-
eter (Kyoto, Japan) a1 410nm, and one unit of activity defined
as the amount of enzyme that hydrolyses 1 wmel BAPNA/min.
The trypsin activity was calculated using a range of substrate
concentrations (0.4—2.0 mM) and a molar extinction coefficient
8800 M~ ! cm™! for free p-nitroanitine (PNA). The reaction vol-
ume was always 1.0ml. To calculate the kinetic parameters, a
Lineweaver—Burk plot (Erlanger et al., 1961) was constructed
as follows: .

Unitof activity (unit/mg)
= {(AAbS410nm x 1000 x 1.0)/(8800 x mg protein)

2.2.5. Determination of trypsin (native and conjugate}
activity using BAEE

Esterase activity of native and PEGylated-trypsin conjugates
was determined at 25 °C using BAEE as subsirate. Briefly, 20 ul
of free trypsin or PEG-trypsin conjugate (10 pg protein-equiv.)
was added to a cuvette containing 3 ml of 0.25mM BAEE in
67mM sodium phosphate buffer, pH 7.6, then immediately
mixed thoroughly by inversion. The increase in absorbance at
253 nm was measured for approximately 10 min and the trypsin
activity was calculated for a range of substrate concentrations
0.025-0.25 mM. One unit of esterasc activity was defined as the
amount of enzyme that hydrolyses {.0mmol of BAEE/min at
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25°C (Bergmeyer et al.. 1974) as follows:

Unit of activity (unit/mg) = [(AADS2530m test
— A Abs3z53,m blank)
% 1000 x 3.02]/mg protein

2.2.6. Evaluation of the thermal stability of PEG-trypsin
conjugates

To test the thermal stability, native trypsin and the PEGylated
conjugates were incubated in aqueous buffer (1.67 mM of 0.1 M
Tris—HC]I, pH 8.2 containing 20 mM CaCl; for amidase activity
and 0.25mM of 67 mM sodium phosphate buffer, pH 7.6 for
esterase activity) for 10min at temperatures between 30 and
70°C. Then the residual trypsin for amidase or esterase activity
was assayed using BAPNA or BAEE as described above. The
activities of samples were compared to that at 30 °C (Zhang et
al., 1999; Fernandez et al., 2002, 2003).

2.3. Evaluation of autolysis of PEG-trypsin conjugates

Native trypsin and the PEGylated-trypsin conjugates were
incubated at 40°C in aqueous buffer (0.1 M Tris—HCI, pH
8.2 containing 20 mM CaCl; for amidase activity and 67 mM
sodium phosphate buffer, pH 7.6 for esterase activity) for
180 min. Aliquots of free trypsin or PEG-trypsin conjugate
(10 pg protein-equiv.} (20 pl) were taken at different times and
assayed for amidase or esterase activity using BAPNA or BAEE
as described above.

3. Results and discussion

3.1. Synthesis and characierisation of the activated mPEG
intermediates and PEG-trypsin conjugates

The succinoylation of mPEGs of different molecular weight
was monitored by TLC. No free succinic anhydride was detected
in the product, and the content of acid groups was 87-98%
by titration. FTIR of SA-mPEG showed disappearance of the
characteristic of —OH signals of mPEG at 3461 cm™!, with the
characteristic ester (1731 cm™ l) and carboxyl group (—COOH)
of succinoyl moiety (1647 cm™!). '"H NMR confirmed the suc-
cinoylated mPEG characteristic peaks through the aliphatic
protons of succinoyl moiety at 2.5-2.7 ppm (4H) and multi-
plet band of PEG protons at 3.5-4.2 ppm. The FTIR spectra of
CC-mPEG showed disappearance characteristic of —OH moi-
ety of mPEG at 3470cm™!, with a C=N characteristic peak
at 1700cm™! and the skeleton vibration of the 1,3,5-triazine
ring at 803 and 1500em™!. '3C NMR showed 1,3,5-triazine
carbon ring at 172.1-174.2 ppm and carbon skeleton of PEG
al 69.7-72.7 ppm. Similarly for the TC-mPEG the FTIR spectra
showed disappearance characteristic of —OH moiety of mPEG at
3413 cm~! with, in this case, the characteristic SOz (1700 cm™")
and the aromatic (at 1398 and 1176 cm™!) peaks. 'H NMR con-
firmed aromatic protons at 7.4-7.8 ppm and multiplet band of
PEG protons at 3.2-3.7 ppm (results not shown).

Table 1
Estimated number of amino groups substituted in trypsin
Conjugate Moflar ratios of mPEG mPEG mPEG
trypsin and PEG 11007 2000° 5000°
Fryp-SA-mPEG  1:20 444£07 46%01 354401
Tryp-SA-mPEG  1:40 53+12 32402 48+01
Tryp-SA-mPEG  1:60 52+08 26202 52401
Tryp-CC-mPEG  1:20 85+04 69401 76+02
Tryp-CC-mPEG  1:40 8601 5205 683x01
Tryp-CC-mPEG  1:60 85+03 40%+03 483x08
Tryp-TC-mPEG  1:20 2.1+01 974+01 85104
Tryp-TC-mPEG  1:40 89+01 95+01F 70102
Tryp-TC-mPEG  1:60 90+01 89401 70308

Tt should be noted that native trypsin has ~11 amino groups in the TNBS assay.
% Data show mean+ §.D. (n=3).

These activated mPEG intermediates were then used to pre-
pare the library of trypsin conjugates. All the molecular weight
PEGs produced comparable levels of amino groups substitu-
tion of trypsin (Table 1). When experiments were carried out
to ascertain the optimum ratio between trypsin:activated mPEG
(reactions at molar ratios of 1:20, 1:40 and 1:60), a reaction
ratio of 1:20 gave an adequate degree of substitution; increased
amounts of the activated mPEG concentration did not show a
higher degree of substitution. The TNBS assay indicated that
native trypsin had 11 accessible amino groups compared to
the primary structure trypsin from bovine pancreas which con-
tains 14 lysine amino groups (Walsh, 1970). After modification,
it appeared that 4-9 mPEG molecules were covalently bound
depending on the reaction conditions and specific mPEG used.
For all PEG molecular weights, the degree of modification was
achieved using TC-mPEG > CC-mPEG > SA-mPEG (Table 1).
This is probably due to the fact that tosyl chloride is a better
leaving group for the conjugation condition used.

3.2. Enzyme activity of trypsin and PEG-trypsin conjugates
measured using BAPNA

The kinetic parameters obtained for both native trypsin and
the PEGylated-trypsin conjugates (measured using BAPNA as
substrale) are summarised in Table 2. All-conjugates had lower
activity than native trypsin. The conjugates synthesised using
higher molecular weight PEGs displayed much lower Ky val-
ues indicating a higher affinity for the binding site of trypsin.
Increasing molecular weight of mPEGs resutted in a decrease in
the Ky and Vipax values seen. These results were in contrast to
the observation of Gaertner and Puigserver (1992) as they found
that all conjugates had a higher amidase activity (in terms of
percentage) than trypsin. In addition, the influence of the linkers
on the enzyme efficiency of the conjugates as reported in Table 2
for Ka/ K values should be noted. Modification of trypsin with
cyanurate mPEG increased this catalytic parameter more than
seen for the other conjugates. The trypsin conjugate prepared
using succinoylated mPEG displayed a higher rate of hydroly-
sis (mM/min) than other conjugates at 30 °C (Fig. 1). This was
likely due to the fact that it contained fewer mPEG chains than
the other conjugates resulting in lower steric hindrance of the
trypsin active site (Veronese, 2001).
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Table 2

Enzyme activity

Conjugate Residual activity (%) Ky (mM) Vinax (min} Kear 571 Keat/Km (571 mM~1)
Trypsin 100 0.88+0.09 0.177 £ 0.002 61+08 69+ 02
Tryp-SA-mPEG 1100 96.2+2.0 115+ 0.16 1.047 + 0.389 6.6 + 0.6 6.4+ 0.6
Tryp-SA-mPEG 2000 76.8+9.5 0.93 + 0.09 0.457 + 0.061 53+ 08 51+08
Tryp-SA-mPEG 5000 65.2+83 0.79 £ 0,03 0.206 + 0.026 40405 48+ 09
Tryp-CC-mPEG 1100 17.54+09 0.83 + 0.09 0.104 + 0.025 11+02 14+ 04
Tryp-CC-mPEG 2000 49.0+£9.8 0.45 + 0.13 0.089 £+ 0.017 27+06 60+10
Tryp-CC-mPEG 5000 926+87 0.34 £+ 0.07 . 0,040 £ 0.004 47 +£05. 144 +23
Tryp-TC mPEG 1100 199+24 0.71 £ 0.11 0.160 + 0.014 1.2 £0.1 1.7+£03
Tryp-TC mPEG 2000 68.5+03 0.66 + 0.02 0.063 + 0.001 41£01 6.1+£02
Tryp-TC mPEG 5000 67.6+0.6 0.48 £ 0.06 0.036 + 0.010 34105 71402

Kinetic parameters of native and PEG-trypsin conjugates. In all cases the conjugates were prepared using a molar ratio of 1:20 (mean+S.D.; n=3).
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Fig. 1. Comparison of the activity of native and PEG-modified trypsin conju-

gates. The PEG used had & molecular weight of 5000 g/mol and in each case
10 ug/ml protein (trypsin} equivalent was used (mean +5.D.; n=3).

3.3. Thermal stability and autolysis of trypsin and
PEG-trypsin conjugates

All mPEG-modified trypsins showed increased thermal sta-
bility compared to native trypsin (Figs. 2 and 3). This was

true at all temperatures studied (except 70°C) and when
both BAPNA (Fig. 2) and BAEE (Fig. 3) were used as sub-
strates. The highest activities were found when using the
PEG with molecular weight of 3000 g/mol in all cases. This
may be due to greater protection given by the higher molec-
ular weight poelymer chain; the hydrophilic PEG chain can
swell and wrap around trypsin. Moreover, the PEG chain
can form a highly hydrogen-bonded structure around the
trypsin molecule (Gaertner and Puigserver, 1992; Zhang et al.,
1999).

The time course for autolysis for native and modified trypsin
at 40 °C was determined using both BAPNA and BAEE as sub-
strates (Figs. 4 and 5 respectively). The half-life (#;) of the
PEG-trypsin conjugates was increased vp to 4 fold compared to
native trypsin (Table 3), and trypsin-modified with mPEG 5000
displayed the highest percentage retention of residual activity
using both substrates and for all types of linker used. The values
of residual activity measured using BAPNA as substrate were:
native trypsin {13%), trypsin-SA-mPEG 5000 (37%), trypsin-
CC-mPEG 35000 (50%) and trypsin-TC mPEG 5000 (39%)
respectively. Stability was thus in the order CC >TC >SA, and
moreover the same result was observed when vsing BAEE as
substrate (residual activity 2, 8, 75 and 38% respectively).

All the mPEG-trypsin conjugates were less prone to
autolysis compare to the native trypsin and they showed sim-
ilar autolysis patterns. As the molecular weight of mPEG
decreased the conjugates were less stable. This increased sta-
bility might be explained by specific moditication of lysine
residues (remembering the substrate specificity of trypsin) as

Table 3
Haif-life of native and PEG-trypsin conjugates
Conjugate Substrate?

BAPNA BAEE

Trypsin mPEG 1100 mPEG 2000 mPEG 5000 Trypsin mPEG 1100 mPEG 2000 mPEG 5000
Trypsin 41+1 - - - 841 e - -
Tryp-SA-mPEG - 45 + 1 56 + 1 102 +£1 - 81 941 1341
Tryp-CC-mPEG - 73+ 19+ 2 180 £ 2 - 15+ 1 20+ 1 >180
Tryp-TC-mPEG - 95 + 2 127 +£3 57 4+ 3 - 12+ 1 15+ 1 60 £ 1

* Experiments were conducted at 40 °C and the hydrolysis of BAPNA and BAEE was used to measure residual trypsin activity.

2 Data represemt £ min {mean +5.D.) (r=3).
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Trypsin-succinoylated mPEG

{a) 100 e 7.
woflpeme T-SA 1100
> 80 1 i T-5A 2000
2
E 60 | —o— T-5A 5000
K]
=3
2 40 ]
2
R
20
0 T T T
30 40 50 60 70
Temperature (°C)
Trypsin-cyanurated mPEG
et TOYPSIN
b
(k) 100 —R— T-CC 1100
—— T-CC 2000
= ¥
S — -0 SOO0
ki)
% 50 1
®
-
=
g«
R
20
a r - "
30 40 50 60 70
Temperature (°C)
Trypsin-mPEG
—— Trypsin
{c) 100
—g—T-TC 100
80 | \ aefipmere T-TC 2000
= ™ —— T-TC 5008
Z h
Q9 60
]
W
3
2 40 4
2
£
= 20
9

30 40 50 B0 70
Temperature {°C}

Fig. 2. Effect of temperature on the activity of native and PEG-modified trypsin
conjugates measured using BAPNA as a substrate (mean £ S.D.; n=3).

this would inherently be expected to protect against autol-
ysis, and/or the fact that the mPEG chains attached on
the enzyme surface would anyhow cause non-specific steric
hindrance (Murphy and O’Fagain, 1996). However, the obser-
vation that the higher molecular weight PEGs produced
greater trypsin stability suggest a major role for the latter
mechanism. The increasing of thermal stability of modified
trypsins could also result from the formation of a highly

Trypsin-succinoylated mPEG
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Fig. 3. Effect of temperature on the activity of native and PEG-modified trypsin
conjugates measured using BAEE as a substrate (mean £ S.D.; n=3).

hydrogen-bonded structure, with polymer wrapped around
the protein (Gaertner and Puigserver, 1992; Zhang et al.,
1999).

In the context of therapeutic protein formulation develop-
ment, the active ingredient must be stable during formulation
manufacture and for the shelf-life of the product. As thermal
stability can be a good predictor of activity it is important to noie
that trypsin-modified with mPEG 5000 showed better stability
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Fig.4. Autolysis of native and PEG-modified trypsin conjugates measured using
BAPNA as a substrate (mean+ $.D.; n=13).

compared to the native trypsin when tested at high temperature
- (Fig. 2). This study therefore underlines that, not only is the
” choice of PEG molecular weight and linking chemistry impor-
tant in terms of retained biological activity of the protein, it
* may have an important impact on issues relating to formulation
development.

(a)100 Trypsin-succinoylated mPEG Teypsin

—l— T-SA 1100

o
(=1

= T-SA 2000
= —— T-5A 5000
2 -
T B0 4
o
©
°
F 40
=
P
20
o . > )
4} 3C 60 90 120 150 180
Time {min)
Trypsin-cyanurate mPEG
(b} 100
801 l Fy
z 1 -
> e Trypsin
B 60
. —8— T-CC 1100
3 wrom T-CC 2000
T 40+
s —a— T-CC 5000
x
20
a
0
Time (min)
{€) 100 Trypsin-mPEG Teypsin
—e TTC 1100
50 1 wsnpme T-TC 2000
= vl T-TC 5000
=
G 504
@
@
°
‘v 40 4
2
®
20 4
0 . k> - :
0 30 50 90 120 150 180
Time {min}

Fig. 5. Autolysis of native and PEG-modified trypsin conjugates measured using
BAEE as a substrate (mean +: 5.D.; n=13).

4. Conclusions

In this study, trypsin was successfully conjugated with mPEG
of molecular weight 1100, 2000 and 5000 g/mol. Although
chemical modification of mPEG to trypsin could decrease activ-
ity of trypsin, but the modified trypsin conjugates containing the
higher molecular mass mPEG showed higher affinity to bind-
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ing site of enzyme with substrate, higher thermal stability, more
stable against autolysis and had an increased #1;z compared to
the native enzyme. The trypsin-conjugated mPEG 5000 having
cyanurate linker demonstrated the best thermal stability,
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Abstract — Bovine pancreatic trypsin conjugates were first
synthesized using succinoylated f-cyclodextrin and succinoylated
PAMAM dendrimer. Their conjugates had a trypsin content of
72 and 50 wt %, respectively. The trypsin activity of conjugates
measured by using Na-benzoyl-D, L-arginine-p-nitroanilide
hydrochloride (BAPNA) as substrate was decreased by polymer
conjugation. The kinetic parameters (Ky, Vi, and K.} were also
calculated. The B-cyclodextrin-trypsin conjugate was more stable
than native trypsin and PAMAM-trypsin conjugate at all
temperatures between 30-70°C. It also exhibited better thermal
stability in the autolysis assays at 40°C.

Keywords— p-cyclodextriny, PAMAM dendrimer, polymer-
protein conjugates, thermal stability

|3 INTRODUCTION

The use of enzymes as therapeutic agents is often limited by
the low resistance to proteolytic enzyme, short circulating
haif-life and immunogenicity of these proteins [1]. During the
last few decades, several efforts have been devoted to the
development of new methodologies for increasing functional
stability of protein without affecting their biological behavior.
Polymer conjugation, especially using PEG has been broadly
used to reduce their immunogenicity and improve both the
resistance to proteolytic degradation and thermal stability [2].
Our recent studies, a series of PEG-trypsin conjugates were
synthesized using PEGs of different molecular weights and
with different linking chemistries. The effect of chemical
compositions on bioactivities of the conjugated enzyme, its
autolysis and its thermal stability were studied. It was found
that both molecular weight of PEG and the linkers play
important roles on their activity and stability [3].

Historically, carbohydrate compounds have been
extensively used as modifying agents for enzymes. p-
cyclodextrin (B-CD, 1,135 g/mol) is a cyclic non-reducing a-
{1-4)-linked D-glucopyranose composed of 7 ghicose units in
the chair conformation. The structure of these remarkable
molecular receptors resembles a truncated annutar cone with a
central cavity, which is hydrophobic in nature and has the
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appropriate size to include a wide variety of hydrophobic
guest compounds [4]. Previous study reported that amino
derivatives of B-cyclodextrin can be coupled to aspartic and
glutamic acid residues of proteins under mild conditions [5].
B-cyclodextrin was conjugated to many enzymes such as
trypsin [5-7], a-chymotrypsin [8] and oxytocin [9]. Therefore,
B-cyclodextrin was chosen in this study and modified with a
different linker using succinoylation before conjugation to
amino group of trypsin.

Polyamidoamine (PAMAM) dendrimer is another
interesting class of drug carriers. It has well-define structure
and consists of a central core and branched monomers. It has a
globular shape and a large number of end groups. The ideal
dendrimer should exhibit high aqueous solubility and drug-
loading capacity, biodegradability, low toxicity, favorable
retention and biodistribution characteristics, specificity, and
appropriate bioavailability [10]. PAMAM dendrimer can be
classified by the surface or terminal groups such as amine (-
NH;), carboxyl {(-COOH) and hydroxyl (-OH) groups [!1].
PAMAM-NH, and PAMAM-OH were widely used for
conjugation to many drugs such as 5-ASA [12], ibuprofen
[13}, methotrexate [14], methylprednisolone [15], paclitaxel
[16], Penicillin V {17], propanolol [18]. However, the use of
this polymer for conjugation to enzymes has not been
reported. PAMAM-OH, G3 (6,941 g/mol} was chosen to
bound with trypsin in this study because: PAMAM-OH has
many hydroxyl group similar to §-cyclodextrin.

Trypsin is widely used as a model protein. It is a well-
studied serine protease involved in the digestion process of
mammals that cleaves specific peptlde bonds having a lysine
or arginine residue [19].

Therefore, the aim of this study was to examine the effect of
B-cyclodextrin and PAMAM dendrimer on activity, autolysis
and thermal stability of trypsin in conjugation system.

II. MATERIALS

B-cyclodextrin was purchased from Fluka (USA) and
PAMAM dendrimer (-OH) was from Aldrich (USA). N-
Hydroxysulfosuccinimide sodium  salt  (sulfo-NHS) was
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purchased from Fluka (Switzerland). Bovine serum albumin
{BSA) was from Sigma (Switzerland). Trypsin from bovine
pancreatic, N-(3-Dimethylaminopropyl}-N"-ethylcarbodiimide
hydrachloride (EDC)} and Noa-benzoyl-D, L-arginine-p-
nitroanilide hydrochioride (BAPNA) were supplied by Sigma
(UK). All chemicals used in this study were analytical grade.

1. METHODS

A, Succinoylation of polymers

B-cyclodextrin (0.5 g, 0.38 mmol) and succinic anhydride
{0.5 g, 5 mmol} were dissolved in anhydrous pyridine (10 ml)
for 4 h. The succinoylated @B-cyclodextrin was then
precipitated by addition of 40 mi isopropyl alcohol. The
precipitate was then washed 3 times with 10 ml isopropyl
alcohol [20] (Figure 1a).

PAMAM dendrimer (1 mmol) was disselved in DMF (5
ml) and succinic anhydride (32 mmol) was added followed by
DMAP (32 mmeol). The reaction mixture was purged with Ny,
sealed and stirred overnight at 50°C, under N,. It was then
poured into vigorously stirred diethy| ether (1 L) and stirred
for 10 h. The ether was removed by filtration under vacuum
and the remaining solid was dissolved in minimum amount of
distilled water, poured into a dialysis membrane (molecular
weight cut-off 3,500 g/mel) and dialyzed against distilled
water for 48 h. The resulting solution was freeze-dried to yield
succinoylated PAMAM dendrimer [21] (Figure 1b).

The products were titrated to quantify the % carboxylic
acid groups (using 1% bromothymol blue as indicator and
NaOH as base), and characterized by FTIR and '‘H NMR.
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Figure 1 Reaction scheme of (a) succinoylated p-cyclodextrin
and (b) succinoylated PAMAM

B.  Chemical conjugation of trypsin

The succinoylated PB-cyclodextrin (103.0 mg) was
dissolved in distilled water (2 mL). EDC (24.0 mg) was added
and the reaction mixture was stirred for 10 min. Then, sulfo-
NHS (294 mg) was added and the reaction mixture was
stirred for a further 45 min. Trypsin (24.6 mg) was then added
to the reaction mixture and the pH was adjusted to pH ~ 8 by
addition of 0.5 mM NaOH sclution dropwise. The reaction
mixture was continued stirring for 18 h at room temperature.

8936

The conjugate was purified by FPLC, and the collected
fractions were desalted using an Amicon Ultracel™ tubing of
molecular weight cut-off 10,000 g/mol before freeze-drying.
The conjugate was characterized by SDS-PAGE
electrophoresis, GPC, and FPLC. Bradford protein assay was
used to estimate the total protein content [32] with BSA
standards.

Succinoylated PAMAM dendrimer (90 mg) was dissolved
in distilled water (2 mL). EDC (14.3 mg) was added and the
reaction mixture was stired for 10 min. Then, sulfo-NHS
{16.6 mg) was added and the reaction mixture was stirred for a
further 45 min. Trypsin (26.8 mg) was then added to the
reaction mixture (Figure 2). The remaining procedure,
purification and characterization were performed as described
for B-cyclodextrin-trypsin conjugates.
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Figure 2 Reaction scheme for polymer-trypsin conjugates
preparation

C.  Enzyme activity determination

Activity of free and conjugated trypsin was determined
using BAPNA as a substrate. A solution of each polymer
trypsin conjugates {equivalent to trypsin 2 pg in 0.1 M tris-
HCY, pH 8.2 containing 20 mM CaCl,) was added to the
BAPNA solution (0.02-0.2 mg/ml in 0.1 M Tris-HC}, pH 8.2
containing 20 mM CaCl,). The absorbance was measured at
410 nm after incubation at 30°C for 1{Q min.

D. Thermal stability and autolysis determination

Thermal stability was assessed as follows, Native trypsin
and the polymer-trypsin conjugates were incubated in 0.1 M
Tris-HCI, pH 8.2 containing 20 mM CaCl, for 10 min at
temperature between 30-70°C [5]. Then the residual enzyme
activity was assayed using BAPNA as described above.

To determine autolysis, native trypsin and polymer-trypsin
conjugates were incubated at 40°C in 0.1 M Tris-HCI, pH 8.2
containing 20 mM CaCl; for 180 min. Aliquots (20 L} of free
trypsin or polymer-trypsin conjugates (2 pg protein-equiv.)
were removed at different times and assayed for retained
amidase activity using BAPNA as described above.
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IV. RESULTS AND DISCUSSION

A, Synthesis and characterization of the succinoylated
polymer

Succinoylated B-cyclodextrin and succinoylated PAMAM
were successfully synthesized. FT-IR confirmed the presence
of the ester functional group at 1731 and 1722 cm’ in
succinoylated B-cyclodextrin (Figure 3a) and succinoylated
PAMAM (Figure 3b), respectively.

A degree of COOH content was assayed by titration. One
molecule of succinoylated B-cyclodexirin and succinoylated
PAMAM contained 3 and 1.1 carboxylic groups, respectively.

'H-NMR and "“C-NMR confirmed the formation of
succinoylated polymers. Succinoylated B-cyclodextrin (Figure
4a) showed multiplet peaks of ethyl protons at 2.3-2.7 ppm
which was not observed in spectrum of B-cyclodexirin. '>C-
NMR spectrum of succinoylated PAMAM showed carbonyl of
carboxylic and ester peak at 181.4 ppm and 176.3 ppm,
respectively (Figure 4b),
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Figure 3 FT-IR characterization of (a) succinoylated [-
cyclodextrin and (b) succinoylated PAMAM compare to their
parent polymers.

B. Synthesis and characterization of the polymer-trypsin
conjugates

B-cyclodextrin- and PAMAM-trypsin conjugates were
prepared and purified by FPLC to separate the conjugate from
free trypsin (Figure 5a). The purity was confirmed by SDS-
PAGE that no free trypsin was detected (Figure 5b). The
molecular weight of conjugate was predicted from FPLC
standard curve as shown in Table I. The B-cyclodextrin- and
PAMAM-trypsin conjugates contained 72 and 50 wit% total
protein and the ratio of polymer: trypsm were 6.7:1 and 2.6:1,
respectively (Table I).

TABLE
CHARACTERISTIC OF POLYMER AND POLYMER-TRYPSIN CONJUGATES

Protein content Mw Polymer: trypsin
(wt%) (g/mol) ratio
Trypsin' - 21,400° -
B-Cyclodextrin - 1135 -
B-Cyclodexirin-trypsin 72 29,000 6.7:1
PAMAM dendrimer - 6,941
PAMAM-trypsin 50 39,300 2.6:1

937

“Trypsin from bovire pancreas (Mw 23,800; 223 amino acids)
(http://www sigmaaldrich.com)

"Estimated using protein FPLC standards (bovine pancreas ribonuclease
A, Mw [3700; chymolrypsinogen A, Mw 25,000; bovine pancreas
ovalbumin, Mw 43,000 and hen'egg albumin, Mw 67,000}
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Figure 4 NMR spectra of succinoylated polymers. Panel (a)
"H-NMR of succinoylated B-cyclodextrin and Panel (b} “C-
NMR of succincylated PAMAM; peak (1) showed carbonyl of
carboxylic at 181.4 ppm and peak (2) showed carbonyl of
ester at 176.3 ppm.
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Figure 5 Characterization of B-cyclodextrin- and PAMAM-
trypsin conjugate. Panel (a) FPLC and Panel (b} SDS-PAGE

C.  Enzymatic activity of trypsin and polymer-trypsin
conjugates .

The polymer-trypsin conjugates showed lower Ky, Vo and
Ko The activity of $-cyclodextrin and PAMAM-trypsin
reduced to 13.9 and 29.2 %, respectively, compared to the free
trypsin value (Table II). This result is similar to the previous
studies which the reduction of trypsin activity was found after
polymer cenjugation [3, 23-26]. The enzymatic activity of
trypsin also decreased after conjugation. It may be due to the
denaturation of the protein structure during chemical
modification, the modification of essential functional groups,
refolding of the protein chain upon attachment of polymer,
altering the active site making it less effective, or by steric
hindrance preventing access of substrates to the active sites
[27].

TABLEN
_ENZYME ACTIVITY OF NATIVE AND POLYMER-TRYPSIN CONJUGATES
B-Cyclodextrin- ;
Trypsin Trypsin PA.M.A.M-try!’Jsm
: a conjugate
conjugate

Activity (%} 100 13.9+0.7 -~ 29218
Ku(mM) 029+005 0.15 £0.04 0.26 £0.02
Vinax (pIV/min) 1.5+£0.19 0.37 £0.02 0.44 +0.03
Keafs™ 030+ 0.04 0.04 = 0.0 0.09 = 0.01

*Data shown relate to the trypsin control; mean % SD (n=3)

In this study, enzyme kinetic analysis using the Hanes-
Woolfe plot indicated that Michaelis constant value (Ky) in
Table H decreased after B-cyclodextrin attachment compare to
native trypsin. However, Ky value was similar to native
trypsin upon attachment to PAMAM, suggesting that apparent
affinity is not altered by polymer conjugation. It is likely to be
due to steric hindrance restricting access of the substrate to the
active site. Moreover, the conjugates displayed V., values
that were ~3-4 fold lower, and the substrate turnover rate X,
was decreased ~3-7 fold lower (Table ).

D.  Thermal stability and autolysis of trypsin and polymer-
trypsin conjugates

The progressive decline in enzyme activity was detected
for both polymer-trypsin conjugates and trypsin with
incubation time at all temperatures (30-70°C) (Figure 6a, 6b
and 6¢).

The B-cyclodextrin-trypsin conjugate was more stable than
native trypsin at all temperatures {Figure 7a). After incubation
at different temperature (30-70°C) for 10 min, it has been
found that the PAMAM-trypsin conjugate was inactivated at
50°C while B-cyclodextrin-trypsin and native trypsin were
inactivated at 70°C. However, thermal resistance were
observed for trypsin, p-cyclodextrin-trypsin and PAMAM-
trypsin conjugates, expressed in the values of Ty of 47°C,
55.5°C and 44°C, respectively.

Murphy and O’Fagain (1996) described the covalent
modification of trypsin with acetic acid N-hydroxysuccinimide
ethy! ester, and only an increase of 5°C was obtained for Ts
{28]. Similarly, stabilization was also reported for trypsin
modified with carboxymethylcellulose, obtaining showed
increasing of 7°C for Ts, under similar experimental
conditions [25]. Several monosubstituted amino derivatives of
B-cyclodextrin were also used for modifying with carboxylic
group of trypsin. Fernandez, et al. (2003) were performed the
similar experiment, the results showed an increase of 12.5-
14.5°C for Ts of p-cyclodextrin-trypsin conjugates. Their
results were similar to our studies which wused the
succinoylated B-cyclodextrin containing carboxylic end group
to coupling with amino group of trypsin. The spacer arm of
polymer has influenced in chemical change in the protein
structure and resuited in stability effect or efficacy of polymer-
protein conjugates [5].
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The possible structure of B-cyclodextrin- and PAMAM-
trypsin conjugates were shown in Figure 8. B-cyclodextrin
might be expected to enhance protection from autolytic attack
due to steric hindrance by wrapping around protein [3, 27]. It
could be due to the glycosidic -OH groups in poly(glucose)
polymer can create hydrogen-bonding to protect and stabilize
proteins [28].

Interestingly, the PAMAM-trypsin conjugates displayed
tower thermal stability and had a lower t,, for autolysis than
other conjugates and native trypsin. Trypsin was less effective
after conjugated with PAMAM dendrimer. It might be because
of (i) a less steric hindrance of PAMAM structure due to a less
number of PAMAM molecules in the conjugate, (ii)
modifying at essential functional groups that maybe interfere
the active site of trypsin [27], or (iii} the chemical
modification of the trypsin with PAMAM dendrimer may
cause some degree of aggregation [30].

V. CONCLUSION

The use of B-cyclodextrin and PAMAM dendrimer as
modifying agents for trypsin were described. The type and
shape of polymer play important roles on kinetic parameters
and enzyme activity. $-cyclodextrin had a potential to use for
protein conjugation. It can stabilize and protect protein from
degradation better than PAMAM dendrimer. Modifying the
protein drugs with this polymer is interesting area for further
investigation.
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