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The synthesis of a model water-soluble drug carrier based on poly(ethylene glycol) (PEG) block co-
polymers is described. In the copolymers, two blocks of PEG are linked by a biodegradable oligopep-
tide or amino acid linkage containing the glutamic acid residue. 4-Nitroaniline as a drug model is
attached to the y-carboxyl group of glutamic acid of the polymer carrier via an enzymatically degrad-
able oligopeptide spacer. The oligopeptides used were potential substrates for chymotrypsin. The re-
lationship between the structure of oligopeptides linking two PEG blocks and the rate of
chymotrypsin-catalyzed polymer chain degradation as well as the relationship between the structure
of the spacer and kinetics of drug model release from the carrier after incubation in chymotrypsin
solution is discussed in detail. The results showed that by modifying the structure of oligopeptides in
the polymer construct, changes in the rates of both polymer degradation and the drug model release
can be achieved in a very broad range.

A number of water-soluble polymeric drug carrier systems have been developed and
their conjugates, e.g. with antitumour agents have undergone biological and clinical
evaluationst. According to the nature of the polymer used in the synthesis, polymeric
carriers can be divided into two categories. In the first category are biodegradable
polymers, mostly of natural origin. Biodegradability of such polymers facilitates meta-
bolic removal from the organism after their administration and prevents their accumu-
lation in the body. Unfortunately, degradable natural polymers are frequently
immunogenic? and also their modification with a drug reduces their susceptibility to
enzymatic attack and hence their use as drug carriersis also limited.

Polymers with a nondegradable polymer backbone, mostly fully synthetic, are in the
second category. Their clinical useis restricted to conjugates of molecular weight lower
than the renal threshold. Such polymers can be readily excreted from the body.

Many new drug delivery systems based on hydrophilic water-soluble polymer car-
riers of drugs have been developed. The design of the systems was optimized using the
results of model studies verifying the feasibility of their synthesis and their ability to
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meet all requirements associated with their optimal function. The synthesis of polymer
substrates and enzymatically catalyzed drug model (4-nitroaniline) release from drug
carriers based on N-(2-hydroxypropyl)methacrylamide (HPMA) copolymers®?, co-
polymers of N-vinylpyrrolidone with maleic anhydride® and PEG derivatives containing
oligopeptide 4-nitroanilides® incorporated in their structures were studied. In all cases,
the carriers were synthetic, nondegradable polymers. The use of such nondegradable
carriers in pharmaceutical preparations can be associated with certain problems (no or
too slow elimination of a polymer from the body).

Recently, synthetic polymeric carrier systems based on block copolymers of
poly(ethylene glycol) were developed®S. PEG already has regulatory approval for the
use in pharmaceutical formulations and some of its conjugates passed successfully
clinical trials’. Development of new drug carrier systems based on block PEG co-
polymers containing biodegradable linkages in the main chain facilitating its enzymatic
degradation can, in principle, solve the problems connected with the drug carrier excre-
tion from the organism. The PEG derivatives® described recently, had the oligopeptide
spacer linked to either one or both ends of the nondegradable polymer main chain.

The present study deals with derivatives of PEG bearing the oligopeptide sequence
with the drug model connected to the y-carboxylic group of the glutamic acid residue
inside the biodegradable linkage. Two types of polymer substrates were synthesized
and their enzymatic degradation studied. First group are the substrates containing
biodegradable linkage in the main polymer chain. Second group includes substrates
bearing a biodegradable spacer in the side chain between the polymer main chain and
drug model. For the structures, see the reaction schemes.

In our system, PEG blocks are interconnected with biodegradable oligopeptide or
amino acid-containing linkages with the glutamic acid residue in the structure. Drug
can be attached to the y-carboxylic group of the glutamic acid of the polymeric carrier
via an enzymatically degradable oligopeptide spacer. All oligopeptide sequencesin the
conjugate have to be prepared as substrates for specific enzymes present in the living
body to ensure controlled degradability of the whole system. Moreover, a suitable tar-
geting moiety, e.g. an antibody, can be incorporated into the conjugate. The general
structure of such a drug delivery system is presented in Scheme 1.

This work presents the synthesis and results of biodegradability tests of a model
system verifying the feasibility of realization of such PEG carrier system. a-Chymo-
trypsin and 4-nitroaniline were used as the enzyme and the drug models, respectively.

The study of the relationship between the structure of oligopeptide (amino acid)-PEG
conjugates and their hydrolysis catalyzed by a-chymotrypsin was carried out using two
types of conjugates. (i) Block copolymers consisting of two methyl-PEG (MmPEG)
chains connected by an amino acid or oligopeptide linkage with at least one of amino
acids being glutamic acid and (ii) block copolymers of methyl-PEGmMPEG bearing in
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their side chains oligopeptide sequences terminating in the drug model molecule (4-nitro-
aniline). Oligopeptide is attached to y-carboxylic group of the glutamic acid residue.

The experimental work included the following synthetic steps and studies:

1. The transformation of hydroxy end group of mPEG into COOH group.

2. The synthesis of the oligopeptide bifunctional reagent containing at least one glu-
tamic acid residue.

3. Coupling of two mPEG molecules using the oligopeptide reagent. Studies of the
enzymatic degradation of this block copolymer substrate.

4. The synthesis of the oligopeptide derivatives of 4-nitroaniline and their binding to
the side chain of the polymer carrier. Kinetic study of the enzyme-catalyzed 4-nitro-
aniline release from the carrier.

EXPERIMENTAL

All amino acids were of L-configuration. Their abbreviations are those recommended™® by IUPAC-IUB.

Materials

Poly(ethylene glycol) monomethyl ether 2000 (mPEG), amino acids, paladium catalyst, a-chymo-
trypsin and reagents for peptide synthesis were commercia products (Fluka AG, Switzerland). All
other chemicals and solvents were of analytical grade. Solvents were purified and dried by usual pro-
cedures. The reagents were used without further purification. NMR spectra were recorded in

—— PEG chain (M,, 2 000)
—] — oligopeptide spacer

OOOO oligopeptide linkage
— antibody
=
@ drug
=>

biodegradable amide bond
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(CD4),SO solutions on a Bruker spectrometer (300 MHz, Switzerland) if not stated otherwise.
Chemical shifts (&-scale) are given in ppm, HMDS was used as an internal standard.

Modification of mPEG Hydroxyl End Group

a-Methyl-w-(carboxymethoxy) pol y(oxyethylene) (2): mPEG 2000 (1) (30 g, 15 mmol) was trans-
formed into the sodium salt (MPEG-Na) by reaction with naphthalenesodium®. mPEG-Na was then
treated with ethyl bromoacetate yielding the ethyl ester derivative which was hydrolyzed™ with
aqueous KOH. The remaining mPEG was removed by the extraction of the alkaline solution (after
hydrolysis) by the chloroform-toluene mixture (2 : 1). The agueous layer was acidified with dilute
HCI to pH 3 and the product was extracted into chloroform. The extract was dried over Na,SO,,
chloroform was distilled off to the volume about 100 ml and the product was precipitated into diethyl
ether. The yield of 2 was 17 g (57%). The content of COOH groups was more than 98% as deter-
mined both by titration with 0.2 m NaOH and by TAIC derivatization followed by 'H NMR ana-
lysis'.

a-Methyl-w-(4-nitrophenoxycar bonyl methoxy) poly(oxyethylene) (3): A solution of polymer 2 (2.06 g,
1 mmol), 4-nitrophenol (1.39 g, 10 mmol) and DCC (2.06 g, 10 mmol) reacted in dichloromethane—
ethyl acetate (2 : 1) at 0 °C overnight. Acetic acid (0.5 ml) was added to the reaction and the pre-
cipitated urea was filtered off after 20 min of stirring. The solvent was evaporated to the final
volume about 10 ml and the product was precipitated into 250 ml of dry diethyl ether. The conver-
sion of COOH to COONp groups was higher than 90% as determined by UV spectrophotometry (274 nm,
€ 9500 | mol™t cm™).

Oligopeptide Bifunctional Reagents

y-Benzyl N-tert-butoxycarbonyl glutamate (4): y-Benzyl glutamate (5 g, 21 mmol), triethylamine
(5.9 ml, 42 mmol) and bis(tert-butyl) dicarbonate (Boc,0) (5.5 g, 25 mmol) were suspended in 40 ml of
freshly distilled DMF and stirred at 45 °C until the solution became clear (about 3 h). DMF was
evaporated under reduced pressure and the oily residue was dissolved in 70 ml of 5% aqueous
NaHCO,. The solution was washed with 2 x 50 ml of petrolether to remove the excess of Boc,O.
The solution was then acidified with 50 ml of 5% aqueous KHSO, and the product was extracted into
2 x 100 ml of ethyl acetate. The collected extracts were dried over Na,SO,, filtered and ethyl acetate
was distilled off. The yield was 7.3 g (21 mmol, 100%) of an oily, colorless product.

N,N'-Bis(tert-butoxycarbonyl phenylalanyl )ethylenediamine (5): Boc-Phe-ONp (2 g, 5.18 mmol)
was dissolved in DMF (7 ml). Ethylenediamine (0.156 g, 2.59 mmol, 178 ul) was added dropwise
under stirring within 5 min. After 30 min of stirring at 20 °C solid product precipitated and the re-
action mixture was left at —18 °C overnight. The crude product was filtered off and recrystallized
from ethyl acetate—ether yielding 1.24 g (2.02 mmol, 78%) of white crystals melting at 200-203 °C.

N,N'-Bis(phenylalanyl)ethyl enediamine bis(trifluoroacetate) (6): Compound 5 (0.3 g, 0.49 mmol)
was dissolved in TFA (1 ml, 13 mmol). After standing 1 h at 20 °C the excess of TFA was removed
under reduced pressure and the viscous residue was triturated with dry ether. Yield 0.31 g (0.48 mmol,
98%) of crystalline 6 was isolated by filtration.

N,N'-Bi s(tert-butoxycar bonyl-y-benzyl glutamyl phenylalanyl) ethylenediamine (7): Acid 4 (169 mg,
0.5 mmol), HOBt (77 mg, 0.5 mmol) and DCC (104 mg, 0.5 mmol) were dissolved in 2 ml of THF
at 0 °C. The solution of ammonium salt 6 (160 mg, 0.249 mmol) and triethylamine (70 ul, 0.5 mmol)
was added to the reaction mixture in two portions within 30 min under stirring; the temperature was
kept at 0 °C for 1 h and then at 20 °C for 5 h. The reaction was completed by addition of a drop of
acetic acid and the precipitate was filtered off. The filtrate was evaporated to dryness and a solid
residue was dissolved in ethyl acetate. The resulting solution was successively washed with agueous
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NaHCO;, citric acid and NaHCO;. The organic layer was dried over Na,SO,, filtered and evaporated
to dryness. A solid residue was recrystallized from acetone—ether yielding 100 mg (0.1 mmol, 40%)
of 7. For CssHggNgO4, (993.2) calculated: 65.30% C, 6.90% H, 8.46% N; found: 65.10% C, 7.05% H,
8.56% N.

N,N'-Bi s(y-benzyl glutamyl phenylalanyl) ethylenediamine bis(trifluoroacetate) (8a): This compound
and all the other ammonium trifluoroacetates were prepared from the corresponding bis(Boc) deriva-
tives according to the procedure described for 6.

4-Nitrophenyl y-benzyl-N-tert-butoxycarbonylglutamate (9): A solution of compound 4 (7.39 g, 22 mmol),
DCC (5 g, 24 mmol) and 4-nitrophenol (3.36 g, 24 mmol) in ethyl acetate (40 ml) was stirred for 1 h at
0 °C and then at 20 °C overnight. After filtering off the precipitate, the solvent was evaporated under
reduced pressure and the residue was triturated with dry diethyl ether. The crystalline product was
washed with ether. Yield 5.12 g (11.2 mmol, 51%) of 9; m.p. 117-118 °C. For Cy3H,sN,Og (458.5)
calculated: 60.26% C, 5.72% H, 6.11% N; found: 60.33% C, 5.67% H, 6.11% N. H NMR spectrum:
1.35s, 9 H (t-Bu); 205 m, 1 H (H-B); 217 m, 1 H (H-B); 257 t, 2 H (H-y); 4.26 dt, 1 H (H-a);
5.07 s, 2 H (CH,Ph); 7.31 m, 5 H (Ph); 8.22 d, 2 H (ONp).

N,N'-Bi s(tert-butoxycar bonyl-y-benzylglutamyl )ethylenediamine (10): A solution of ethylene-
diamine (0.131 g, 2.18 mmol, 0.147 ml) in THF (5 ml) was added dropwise to a solution of active
ester 9 (2 g, 4.37 mmol) in THF (35 ml) with stirring. After 2 h at 20 °C, and 2 h at —18 °C a pale
yellow solid was filtered off and recrystallized from THF. The yield was 1.2 g (1.72 mmol, 79%) of
white crystals melting at 143-144 °C. For CgHsoN,O44 (698.8) calculated: 61.88% C, 7.21% H,
8.02% N; found: 61.95% C, 7.60% H, 8.08% N. H NMR spectrum: 1.32's, 9 H (t-Bu); 1.72m, 1 H
(H-B); 1.88 m, 1 H (H-B); 230 t, 2 H (H-y); 3.10 t, 2 H (CH,N); 3.85 dt, 1 H (H-a); 5.03 s, 2 H
(CH,Ph); 6.50 br, 1 H (NH); 7.28 m, 5 H (Ph); 7.66 s, 1 H (NH).

N, N'-Bi s(y-benzyl glutamyl )ethylenedi amine bi s(trifluor oacetate) (11a) was prepared from 10 in the
same way as 6 from 5. For C3gH3FgN4O; (762.6) calculated: 49.59% C, 4.99% H, 7.71% N; found:
49.17% C, 4.87% H, 7.45% N. 'H NMR spectrum: 2.00 m, 2 H (H-B); 2.42t, 2 H (H-y); 3.20t, 2 H
(CH,N); 3.77 t, 1 H (H-0); 5.03 s, 2 H (CH,Ph); 7.30 m, 5 H (Ph); 8.49 br, 3 H (NH3).

N, N'-Bi s(tert-butoxycar bonyl phenylal anyl -y-benzyl glutamyl) ethylenediamine (12): A solution of
the ammonium salt 11a (510 mg, 0.702 mmol) and triethylamine (142 mg, 196 pl, 1.404 mmol) in
DMF (2.5 ml) was added dropwise to the solution of Boc-Phe-ONp (542 mg, 1.404 mmol) in DMF
(2.5 ml, freshly distilled) with stirring. The reaction mixture was kept in a refrigerator (4 °C) over-
night. DMF was removed under reduced pressure and a viscous residue was triturated with dry diethyl
ether. The crude product was recrystallized from ethyl acetate yielding 616 mg (0.62 mmol, 88%) of
a crystalline solid melting at 205-210 °C with decomposition.

N,N'-Bis(phenylal anyl-y-benzyl glutamyl) ethylenediamine bis(trifluoroacetate) (13a) was prepared
from 12 (see 6). 'H NMR spectrum: 1.70-2.00 m, 2 H (H-B-Glu); 2.33 m, 2 H (H-y-Glu); 290 m, 1 H
(H-B-Phe); 3.07 m, 3 H (CH,N,H-B-Ph); 4.02t, 1 H (H-a-Glu); 4.23 dt, 1 H (H-a-Phe); 5.05s, 2 H
(OCH,Phe); 7.13-7.38 m, 10 H (arom.); 8.06 br, 3 H (NH%); 8.63 d, 1 H (NHCH).

N,N'-Bis(tert-butoxycarbonyl)lysine (14): A solution of Boc,O (25 g, 114 mmol) in dioxane (50 ml)
was added to a solution of lysine monohydrochloride (10 g, 54 mmol) and NaOH (4.4 g, 108 mmol)
in water (50 ml). The reaction mixture was stirred at 45 °C until it became clear (about 2.5 h). The
solvent was evaporated to a final volume of about 20 ml and the resulting solution was diluted with
100 ml of water and washed with petrolether (50 ml). The aqueous layer was acidified with agueous
KHSO, (8 g in 50 ml) to pH 3 and the product was extracted with ethyl acetate (3 x 50 ml). The
collected extracts were washed with aqueous NaCl and dried over N&,SO,. Ethyl acetate was taken
off under reduced pressure and 18.5 g (53 mmol) of the colorless oily product was obtained. Specific
rotation was [a]5) = +12° (CHCl3, ¢ 0.01). 'H NMR spectrum (360 MH2): 1.2-1.4m, 4 H (y,5); 1.35 s,
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18 H (t-Bu); 1.4-1.7m, 2 H (B); 29m, 2 H (¢); 3.8 m, 1 H (0); 6.75t, 1 H (NH-g); 7.0d, 1 H
(NH-a).

N,N'-Bi(ter t-butoxycar bonyl)lysine benzyl ester (15): Compound 14 (18.5 g, 53 mmal), benzyl acohol
(5.5 ml, 53 mmol), 4-(dimethylamino)pyridine (DMAP) (1.2 g, 10 mmol) and DCC (12 g, 58 mmoal),
were dissolved in ethyl acetate (100 ml) at 0 °C. The reaction mixture was stirred for 20 min at 0 °C
and then left for 5 h at 20 °C. The progress of the reaction was checked by TLC (silica gel/ethyl
acetate). The precipitated were was filtered off and the filtrate was washed with agueous CuSO, solution
(8 x 50 ml). A bluish precipitate (probably Cu(ll) complex with DMAP) was removed with the
aqueous layer. The organic layer was evaporated to dryness and an oily product was used for the next
reaction. 'H NMR spectrum (CDCl5, 360 MHz): 1.2-1.4 m, 4 H (y,8); 1.4 s, 18 H (t-Bu); 1.5-2.0 m,
2H(B); 3.05m, 2H (g); 43 m, 1L H (a); 45 br, 1 H (NH); 5.10-5.25 m, 3 H (CH,Ph,NH); 7.35 m,
5 H (Ph).

Lysine benzyl ester bis(trifluoroacetate) (16): Compound 15 (about 50 mmol) was dissolved in
TFA (20 ml, 260 mmol). The reaction mixture was kept 1 h at 20 °C in a flask equipped with CaCl,
tube. TFA was removed under reduced pressure, the residue was dissolved in water (100 ml) and
washed with diethyl ether (2 x 50 ml) to remove the unreacted benzyl alcohol. The water layer was
filtered and freeze-dried. An amorphous hygroscopic product was used in the next reaction. 'H NMR
spectrum (360 MHz): 1.2-1.4 m, 2 H (y); 1.5m, 2 H (8); 1.6-1.8 m, 2 H (B); 2.75t, 2 H (g); 4.1,
1H (a); 525 s, 2 H (CH,Ph); 7.4 m, 5 H (Ph); 7.6-8.2 br, 3 H (NH%); 8.2-8.6, 3 H (NH3).

N,N'-Bi s(tert-butoxycar bonyl-y-benzylglutamyl)lysine benzyl ester (17): To an ice-cooled solution
of acid 4 (8 g, 21 mmol), ester 16 (4.87 g, 10.5 mmol), triethylamine (2.93 ml, 21 mmol) and HOBt
(2.84 g, 21 mmol) in THF (100 ml, freshly distilled) a solution of DCC (4.77 g, 23 mmol) in THF
(30 ml) was added. The reaction was carried out for 1 h at 0 °C and for 5 h at 20 °C with stirring.
The precipitate was removed by filtration, THF was evaporated to dryness and the viscous residue
was dissolved in ethyl acetate (200 ml). The solution was successively washed with aqueous 5%
NaHCO; (50 ml), 5% citric acid (100 ml) and aqueous 5% NaHCO; (50 ml). The organic layer was
dried over Na,SO,, filtered and evaporated to dryness. The residue was dissolved in diethyl ether and
evaporated again. The amorphous solid was recrystallized from ether—hexane (3 : 1). The yield of 17
melting at 89-92 °C was 6.0 g (6.86 mmol, 65%). 'H NMR spectrum (360 MHz): 1.35 s, 18 H
(Boc); 1.2-1.4 m, 4 H (Lysy,Lysd); 1.6-2.0 m, 6 H (Glu-B,Lys-B); 235 m, 4 H (Glu-y); 3.0 m, 2 H
(Lys-€); 3.9 m, 1 H (Glu-a); 40 m, 1 H (Glu-a); 425 m, 1 H (Lys-a); 5.04 s, 2 H (CH,Ph); 5.05 s,
2 H (CH,Ph); 5.06 s, 2 H (CH,Ph); 7.35 m, 15 H (arom); 6.85 d, 1 H (NH-Glu); 6.95d, 1 H (NH-Glu);
7.8t, 1 H (NH-Lys-€); 8.25d, 1 H (NH-Lys-a).

N,N'-Bis(y-benzylglutamyl)lysine benzyl ester bis(trifluoroacetate) (18): Compound 17 (0.5 g, 0.57 mmol)
was dissolved in TFA (3 ml, 0.39 mmol) and the mixture was left for 1 h at 20 °C. TFA was
removed in vacuo and the residue was covered with dry diethyl ether. After 24 h, the non-crystalline
solid was dissolved in 10 ml water. The aqueous layer was separated and the traces of ether were
removed under reduced pressure. The water solution was freeze-dried yielding 0.6 g (98%) of a hy-
groscopic product. 'H NMR spectrum (360 MHz): 1.2-1.5 m, 4 H (Lys-, Lys-3); 1.5-1.85 m, 2 H
(Lys-B); 20 m, 4 H (Glu-y); 245 m, 4 H (Glu-y); 3.05 m, 2 H (Lys-€); 3.8 br, 1 H (Glu-a); 3.9 br,
1 H (Glu-a); 43 m, 1 H (Lysa); 51 m, 6 H (CH,Ph); 7.35 m, 15 H (Ph); 82 br, 6 H (NH%); 85t, 1 H
(NH-¢); 8.9 d, 1 H (NH-a).

N, N'-Bi s(y-benzyl glutamyl phenylalanyl) hexamethylenediamine bis(trifluoroacetate) (8b), N,N'-bis-
(y-benzyl glutamyl )hexamethylenediamine bis(trifluoroacetate) (11b) and N,N'-bis(phenylalanyl-y-
benzyl glutamyl) hexamethylenediamine bis(trifluoroacetate) (13b) were prepared similarly to 8a, 11a
and 13a starting with hexamethylenediamine instead of ethylenediamine.
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Synthesis of Substrates 19-24

General procedure: A solution of DCC (103 mg, 0.5 mmol) in THF (2 ml) was added to a solu-
tion of bisammonium salt 8a, 8b, 11a, 11b, 13a or 13b (0.121 mmoal), polymer 2 (500 mg, 0.243
mmol), HOBt (77 mg, 0.5 mmol) and triethylamine (70 pl, 0.5 mmol) in THF (6 ml) at 0 °C. The
reaction was kept at —18 °C for 1 h and then at 4 °C overnight. A drop of acetic acid was added and
the urea was filtered off after 30 min. THF was removed under reduced pressure and a solid residue
was dissolved in methanol (3 ml); the solution was filtered and purified by GPC (Sephadex
LH60/methanol). A polymer fraction of the molecular weight above 4 000 was collected, methanol
was evaporated and the residue was freeze-dried from water. Thus the polymer benzyl esters 19a,
19b, 20a, 20b, 21a and 21b were obtained in 60-90% yields. The catalytic hydrogenation of 19a,
20a and 21a with Pd/C (10%) in methanol with 1% of acetic acid led to polymers 22, 23 and 24,
respectively, with two carboxylic groups in the side chain.

Synthesis of Substrates 25 and 26

Nitrophenyl ester 3 (1 g, 0.41 mmol) dissolved in THF (10 ml) reacted with ammonium salt 18 (186 mg,
0.205 mmol) and triethylamine (63 pl, 0.454 mmol) in THF (5 ml) at 20 °C for 12 h. THF was
evaporated, the residue was dissolved in chloroform (8 ml) and the polymer was precipitated into dry
diethyl ether (200 ml). The crude product (0.9 g) was purified by GPC (Sephadex G50/H.,0, refrac-
tive index detector). The fraction of molecular weight above 4 000 was collected and polymeric
benzyl ester 25 was isolated by freeze-drying from the water solution. The hydrogenation (see the
previous paragraph) led to polymer 26 containing three carboxylic groups. *H NMR spectrum (360
MHZ): 1.20-1.40 m, 4 H (Lys-,d); 1.50-2.05 m, 6 H (Lys-B,Glu-B); 2.35t, 4 H (Glu-y); 3.01 m, 2 H
(Lys-g); 3.25 s, 6 H (OCHy); 3.52 m, 360 H (OCH,CH,); 3.91 s, 4 H (OCH,CO); 4.18-4.48 m, 3 H
(Glu-a,Lys-a); 5.07 s, 2 H (CH,Ph); 5.08 s, 2 H (CH,Ph); 5.11 s, 2 H (CH,Ph); 7.33 m, 15 H
(arom); 7.65 dd, 2 H (NH-Glu); 8.02t, 1 H (NH-Lys-€); 8.47 d, 1 H (NH-Lys-a).

Oligopeptide 4-Nitroanilides 27-32

These compounds were prepared by standard methods of peptide synthesis!®, using the carbodiimide
method for linking COOH and NH, groups and Boc group for the protection of a-amino groups. The
following derivatives were synthesized®* H-PheNAp (27), H-Gly-NAp . HCl (28), H-Gly-Gly-Phe-NAp .
HCl (29), H-Gly-Val-Phe-NAp . HCI (30), H-Ala-Gly-Val-Phe-NAp . HCI (31), H-Ala-Gly-Gly-Phe-
NAp . HCI (32).

Synthesis of Substrates 33-38

General procedure: A solution of polymer 22 (50 mg, 1.14 . 10> mol), the respective oligopeptide
4-nitroanilide (27-32) (1.14 . 10°° moal), triethylamine (5 pl, 35 mmol, when working with hydro-
chlorides), HOBt (7.66 mg, 0.05 mmol) and DCC (10 mg, 0.05 mmol) in acetonitrile (2 ml) was kept
at 4 °C overnight and, after addition of a drop of acetic acid, in urea was filtered off after 1 h. The
solvent was evaporated to dryness and the residue was dissolved in methanol (0.5 ml). The pure pro-
duct was isolated by GPC (Sephadex LH 20, methanol, UV detector 315 nm) followed by freeze-
drying from water. The content of the 4-nitroanilide groups bound to the polymer was determined
spectrophotometrically (A 315 nm, € 12 800 | mol~* cm™). Yield 20-45% (based on the starting
4-nitroanilide).
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Enzymatic Cleavage of Polymeric Substrates

The concentration of the active sites in a-chymotrypsin was determined by the active site titration
with Z-tyrosine 4-nitrophenyl ester® (60% of active protein).

Kinetic measurements: The release of 4-nitroaniline from polymer substrates 33—-38 incubated in
a-chymotrypsin solution (1 . 1087 . 107 mol I in buffer 0.08 mol 17 Tris and 0.1 mol I7* CaCl,,
pH 8.0 adjusted with HCI) was monitored with an LKB Ultrospec |1 spectrophotometer (25 °C, 410 nm,
€ 8 440 | mol~t cm™). Kinetic constants Ky, kez and ke /Ky were determined using Lineweaver—
Burke plots®®. The enzyme concentrations differed according to the substrate, the substrate concentra-
tions were in the range 1 . 10°~1 . 10 mol I-%.

Chymotrypsin-catalyzed hydrolysis of substrates 19-26: The reaction was carried out at the
polymer concentration of 5 mg ml~, i.e. 2. 103 mol I of potential sites of cleavage, and at the
enzyme concentration 2.6 . 10 mol 171 in the same buffer at 37 °C. The extent of hydrolysis and the
rate of formation of a polymer with M,, ca 2 000 were determined using a GPC column TSK 3000
(50% methanol, 0.1% TFA, 0.7 ml min™) from the area of the corresponding peaks. The rate of
formation was considered a measure of the cleavage rate.

RESULTS AND DISCUSSION

The aim of this work was to verify the idea of synthesis of a drug polymer conjugate,
capable of releasing at a controlled rate a drug or its model in the biological environ-
ment. In such a system the drug release should be accompanied or followed by a con-
trolled degradation of polymer carrier to yield biocompatible low-molecular-weight
products excretable from the body, e.g. by glomerular filtration. Two investigations
were carried out:

— the study of the relationship between the structure of the oligopeptide-based link-
age connecting two PEG blocks and the rate of the degradation of the conjugate and

— the study of the relationship between the structure of the oligopeptide spacer con-
necting the polymer chain with a drug model molecule and the rate of a drug model
release from such carrier.

Synthesis of Polymeric Substrates 19-26

The synthesis of the COOH derivative of mPEG (2) was performed as follows. The
active 4-nitrophenyl ester of 2 (3) was prepared using the carbodiimide method
(Scheme 2).

Substrates 19a, 19b, 20a, 20b, 21a, 21b and 25 were prepared by the reaction of 2 or
3 with bifunctional reagents 8a, 8b, 11a, 11b, 13a, 13b and 18, respectively. Catalytic
hydrogenation of 19a, 20a, 21a and 25 yielded polymers 22, 23, 24 and 26, respec-
tively (Scheme 3).

Substrates 33—38 were synthesized by the reactions of 22 with amino acid or oligo-
peptide 4-nitroanilides 27-32 (Scheme 4).
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Chymotrypsin-Catalyzed Degradation of the Main Chain of the PEG Block
Copolymers

By the reaction of mPEG derivatives 2 or 3 with diamines 8a, 11a, or 13a and after
removal of benzyl protecting group (see Scheme 3) polymer carriers containing two
carboxylic groups in the molecule were obtained. Two molecules of drug, drug model
or oligopeptide drug model derivative can be attached to the carriers. When diamine 18
containing the lysine residue was used in the synthesis, a polymer carrier containing
three carboxylic groups was obtained. In this case carboxylic groups of different reac-
tivity were introduced into the polymer molecule, facilitating different modification of
each type of carboxyls (y-carboxylic group of glutamic acid, carboxylic group of ly-
sing), e.g. binding both drug and targeting moiety to the same polymer chain. Both
systems were tested for their susceptibility to chymotrypsin-catalyzed hydrolysis.

1. Na, naphthalene

Me(OCH,CH,), —OH Me(OCH,CH,),.—OCH,COOH
(OCH,CHy), 2. BrCH,COOEt (OCH,CHy)n 2
1 3. aq. KOH; HCI 2
HONp
DCC

Me(OCH,CH,),,—OCH,COONp

3
SCHEME 2
100 f '
mPEG 2000
% 80
60 |
Fic. 1 40
mPEG 2000 released by chymotrypsin cleavage of
substrates 19a (), 20a (A), 21a (00) and 25 (e). 20
Substrate concentration 2 . 107 mol I, enzyme
concentration 2.6 . 10° mol I, pH 8.0, buffer o

0.08 mol I Tris and 0.1 mol 1™t CaCl,, 37 °C
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Polymer substrates 19-26 (Scheme 3) were incubated in chymotrypsin solutions and
the rate of their degradation (release of an mPEG derivative of molecular weight ap-
proximately 2 000) was determined by GPC. The results presented in Figs 1-3 show
that all polymers under study were susceptible to enzymatic cleavage. Polymers con-
taining phenylalanine residue in the structure were degraded much faster than those
containing only glutamic acid residue. This finding is in agreement with the view of the
substrate specificity of chymotrypsint’. Chymotrypsin cleaves specifically the amide
bond of amino acids containing bulky hydrophobic substituents (Phe, Tyr), capable of
hydrophobic interactions with the active site of the enzyme. The finding that the
polymers containing only y-benzyl glutamate or even glutamic acid in the linkage were

HOBt or HONp CF ;COOH
Boc—X—OH + H-L-H ———— > (Boc—X),L. ——
DCC
2o0r 3

(Hy*=X),L = 2 CF5c00® [Me(OCH,CH,),,—0CH,CO—-X],—L

EtsN, DCC, HOBt

8,11,13,18 19-21,25
H,/Pd
Ho/Pd [Me(OCH,CH,),,—OCH,CO—X]p—L

22-24,26

X L
19a Glu(0Bz) NH-=(CH,),~NH
19b Glu(0Bz) NH-(CH,)g-NH
20a Glu(0Bz)-Phe NH-(CH,),~NH
20b | Glu(OBz)-Phe NH-(CH,)s-NH
21a Phe-Glu(0Bz) NH-(CH,),~NH
21b Phe-Glu(0Bz) NH-(CH,)s~NH
22 Glu(OH) NH-(CH,),~NH
23 Glu(OH)-Phe NH-(CH,),~NH
24 Phe-Glu(OH) NH-(CH,),~NH
25 Glu(0Bz) NXNE-Lys-0Bz
26 Glu(OH) NANE-Lys=0H

ScHEME 3
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also susceptible to degradation, was surprising. Clearly, in this case the rate of degrada-
tion was more than one order of magnitude lower than in the case of dipeptide linkages.
No degradation was observed if the polymers were incubated in buffers in the absence
of enzyme. The polymers in which benzyl protecting group was removed from glutamic
acid residue, were degraded more slowly (see Figs 1 and 2) when compared with the
protected analogs. The presence of free carboxylic group in the vicinity of the cleavable
amide bond probably decreases the ability of phenylalanine to interact and form a com-
plex with a hydrophobic pocket of the active site of the enzyme.

Polymers 19b, 20b and 21b containing a hexamethylenediamine instead of ethylene-
diamine unit were used for the study of the enzymatic degradation by chymotrypsin
under the same conditions as their ethylenediamine analogs. The courses of the hydro-
lysis are shown in Fig. 3. The presence of the more hydrophobic hexamethylene-
diamine residue in the linkage results in an increase of the rate of degradation of the
substrate containing only glutamic acid, while the rate of degradation of the dipeptide-
containing substrates is slightly lower. Incorporation of lysine molecule into the linkage
does not bring any dramatic change in polymer degradability.

In al cases under study the dipeptide-containing linkages were degraded with the
highest rates, the substrates with -PheGlu- being degraded faster than those with
-GluPhe- sequence.

Model studies of the chymotrypsin-catalyzed degradation of mPEG block co-
polymers confirmed that a biodegradable polymer drug carrier can be prepared by in-
corporation oligopeptide-containing linkages into the main PEG chain. These linkages
must be tailor-made as substrates for respective enzymes. The rate of polymer main

100 C T T T T 100 C T T T T o]
[

mPEG 2000 mPEG 2000 5

% 80 [ % 80 }_ 1 o
60 | 60 F 4
40 1 o 40 E
o a
20 | 20 L i
a /’.’__.—L
0 1 1 1 1 0 1 L 1 1
0 5 10 15 20 25 0 5 10 15 20 25
t, h t, h
Fie. 2 Fic. 3

mPEG 2000 released by chymotrypsin cleavage
of substrates 22 (0J), 23 (4), 24 (O0) and 26 (e).
For conditions, see Fig. 1

mPEG 2000 released by chymotrypsin cleavage
of substrates 19b (), 20b (A) and 21b (O). For
conditions, see Fig. 1
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chain degradation can be significantly influenced by changing the length and detailed
structure of the linkage connecting two PEG chains.

Chymotrypsin-Catalyzed Release of 4-Nitroaniline from mPEG Block Copolymers

The Effect of the Composition of the Spacer

Substrates 33-38 (Scheme 4) contain an oligopeptide (amino acid) spacer which is
terminated in a drug model (4-nitroaniline). Except for substrate 34, the ultimate unit in

TaBLE |
Kinetics of chymotrypsin-catalyzed hydrolysis® of polymeric substrates 33-38

Side chain Keas S Ky . 10% mol 172 kea/Kpp, | Mol s
-Phe-NAp 0.091 3.959 231
-Gly-NAp 0.000 - 0
-Gly-Gly-Phe-NAp 0.510 9.138 558
-Gly-Va-Phe-NAp 12.475 9.023 14 125
-Ala-Gly-Val-Phe-NAp 63.960 1.658 386 000
-Ala-Gly-Gly-Phe-NAp 0.431 7.468 577

31n a buffer of pH 8.0 containing 0.08 mol 12 Tris and 0.1 mol I™* CaCl, at 25 °C.

TaBLE I
Effect of the type of the polymer main chain on k.,/Ky (I mol~ s on the chymotrypsin-catalyzed
hydrolysis of oligopeptide side chains?

Side chain HPMAP MA-VP° PEGH PEG®
-Phe-NAp 0 0 80 231
-Gly-NAp - - - 0
-Gly-Gly-Phe-NAp 110 - 481 558
-Gly-Va-Phe-NAp 245 1280 9 550 14 125
-Ala-Gly-Val-Phe-NAp 14 200 - 123 000 386 000
-Ala-Gly-Gly-Phe-NAp - - 995 577
-Gly-Gly-Val-Phe-NAp 6 300 15 000 - -

3 For experimental conditions, see Table I. ® Copolymers of HPMA and methacroylated oligopep-
tides®®. ¢ Copolymers of maleic anhydride and N-vinylpyrrolidone®®. ¢ PEG with carboxy! end
groups®. © PEG block copolymer (this study).
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the spacer is the phenylalanine residue. It was shown before®>® that such structures are
susceptible to the chymotrypsin-catalyzed hydrolysis. The rate of hydrolysis and 4-nitro-
aniline release was characterized by the value k,/Ky,. The results summarized in Table |
are in accordance with those obtained with substrates containing 4-nitroaniline moiety
situated at the end of the main polymer chain®.

Polymer substrates 33—38 differing in the composition of oligopeptide spacers were
incubated in buffer solutions containing chymotrypsin and the kinetics of 4-nitroaniline
release was studied. In addition to the rate constant k., and Michaelis-Menten constant
Kwu, the ratio k.,/K,, was calculated and used as a value characterizing the rate of drug
model release from mPEG block copolymer carrier. The results of kinetic measure-
ments are shown in Table |. The rate of 4-nitroaniline release strongly depended on the
structure of the oligopeptide spacer, the prerequisite being structure susceptible to chy-
motrypsin degradation, i.e., that with phenylalanine as the terminal amino acid residue.
When a glycine spacer was used (in 34), no release was observed.

The lowest rate of 4-nitroaniline release was observed for the substrate containing
only phenylalanine in the spacer. Nevertheless, even in this case the rate of drug model
release is relatively high which can be explained by participation of the glutamic acid
residue on the formation of complex between the substrate and the active site of the
enzyme. The longer the spacer is, the higher is the rate of drug model release. The

DCC, HOBt, EtsN
22 + H-Y-NAp . HCI

27-32

Me(OCH,CH,)nCH,CONH — CH — CONHCH,CH,;NHCO — CH — NHCOCH,(OCH;CH, ), OMe

|
(CHa), (CHa),
COOH (IIO
33-38 Y =NAp
Y
33 Phe
34 Gly
35 Gly-Gly-Phe
36 Gly-Val-Phe
37 Ala—Gly-Val-Phe
38 Ala—-Gly—-Gly-Phe
ScHEME 4

Collect. Czech. Chem. Commun. (Vol. 60) (1995)



1778 Pechar, Strohalm, Ulbrich:

impact of the detailed structure of the oligopeptide sequence on the rate of release was
dramatic. When a hydrophobic amino acid was placed in the penultimate position (Va in 37)
the rate of 4-nitroaniline release increased by three orders of magnitude compared to a
similar spacer containing in the same position the glycine residue (tetrapeptide se-
quence)t’. In tripeptide spacers, the effect of the presence of Val residue was aso
remarkable (cf. 35 and 36), but not as pronounced as in the case of tetrapeptide spacer.
Serious explanation of this effect would require more detailed study.

The Effect of the Polymer Chain

Table Il summarizes the results of kinetic studies of 4-nitroaniline release from
polymer substrates based on copolymers of N-(2-hydroxypropyl)methacrylamide
(HPMA), copolymers of maleic anhydride with N-vinylpyrrolidone (MA-VP) and
poly(ethylene glycol)s (PEG) with different end groups. Even though the molecular
weights of the polymers were not equal, some common dependences are evident. The
presence of phenylalanine in the vicinity of the 4-nitroaniline residue in subsite 1 isa
prerequisite!’ for the chymotrypsin-catalyzed 4-nitroaniline release from all the
polymer substrates. Glycine-containing polymer conjugates did not release any 4-nitro-
aniline when incubated in chymotrypsin solutions. The length and structure of the
oligopeptide spacer influenced the rate of 4-nitroaniline release from all types of
polymer carriers in a similar way and relative rates of 4-nitroaniline release from
various carriers were in a correspondence. Lower rates of release observed for HPMA
and MA-VP copolymers can be explained by the effect of higher molecular weights
of the polymer carrier (20 000-30 000, PEG conjugates 2 000 and 4 000) and by the
sterically unfavourable location of the oligopeptide sequence in side chains of the car-
riers. Both these effects result in higher steric hindrance to the access of the enzyme to
the oligopeptide substrate and hence decrease the ability of the enzyme to hydrolyze
the substrate.

Surprisingly enough, a comparison of the results obtained for both PEG carrier struc-
tures shows that polymer substrates based on more complex block mPEG copolymers
released 4-nitroaniline with higher rate than the substrates based on PEG with modified
end groups. This increase in the rate of degradation could be explained by the participation
of glutamic acid fragment (-CH,CH,CO-) in the formation of the complex between
amino acids of the substrate and the active site of the enzyme in block copolymer
substrates. The effect is more pronounced for substrates containing only Phe in the
spacer. If -PheNAp is bound directly to the polymer chain (HPMA, MA-VP), the in-
fluence of steric hindrance was significant and no degradation was observed. In the
case of mPEG block copolymer, PheNAp was attached to the polymer chain via glu-
tamic acid residue and such an extension of the spacer was sufficient to promote the
release of 4-nitroaniline. A simple PEG substrate bearing PheNAp bound directly at
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polymer chain ends also released the drug model molecule under similar conditions, but
with alower rate.

Model studies of chymotrypsin-catalyzed 4-nitroaniline release from mPEG block
copolymer carriers demonstrated the feasibility of the synthesis of polymer drug car-
riers, which are biodegradable in the environment containing enzyme and which can
release a drug or a drug model from the carrier at a wide range of rates controlled by
the length and detailed structure of the oligopeptide linkage between the drug model
and polymer chain. The prerequisite for such a release is the optimal structure of the
oligopeptide, tailor-made as a substrate for the respective enzyme.

This project was supported by the Grant Agency of the Academy of Sciences of the Czech Republic,
Grant No. 45009 (1993) and by the Europian Economic Community, Grant No. CIPA-CT93-0192
(1993).

ABBREVIATIONS

Boc tert-butoxycarbony!l
Boc,O bis(tert-butyl) dicarbonate
Bz benzyl
DCC N,N'-dicyclohexylcarbodiimide
DCU N,N'-dicyclohexylurea
DMAP 4-(dimethylamino)pyridine
DMF dimethylformamide
HOBt 1-hydroxybenzotriazol
HPMA N-(2-hydroxypropyl)methacrylamide
mPEG a-methyl-w-hydroxypoly(oxyethylene)
NAp 4-nitroanilide
Np 4-nitrophenyl
PEG a-hydro-w-hydroxypoly(oxyethylene)
TAIC trichloroacetyl isocyanate
TFA trifluoroacetic acid
THF tetrahydrofuran
Tris 2-amino-2-(hydroxymethyl)-1,3-propanediol
z benzyloxycarbonyl
REFERENCES
1. Duncan R.: Anticancer Drugs 3, 175 (1992).
2. Rihova B.: CRC Crit. Rev. Ther. Drug Carrier Syst. 1, 311 (1985).
3. Kopecek J., Rggmanova P., Chytry V.: Makromol. Chem. 182, 799 (1981).
4. Ulbrich K.: J. Bioact. Compat. Polym. 6, 348 (1991).
5. Pato J., Azori M., Ulbrich K., Kopecek J.: Makromol. Chem. 185, 231 (1984).
6. Ulbrich K., Strohalm J., Kopecek J.: Makromol. Chem. 187, 1131 (1986).
7. Nathan A., Zalipsky S., Kohn J.: Polym. Prepr. 31(2), 213 (1990).

Collect. Czech. Chem. Commun. (Vol. 60) (1995)



1780 Pechar, Strohalm, Ulbrich:

8.

9.
10.
11
12.
13.
14.
15.

16.

17.

Zalipsky S., Lee C. in: Poly(ethylene glycol) Chemistry: Biotechnical and Biomedical
Applications (J. Milton Harris, Ed.), pp. 347-370. Plenum Press, New York 1992.

Muss H. B., Spell N., Scudiery D.: Invest. New Drugs 8, 125 (1990).

IUPAC-IUB Commission on Biochemical Nomenclature: J. Biol. Chem. 241, 917 (1972).
Buckmann A. F., Morr M.: Makromol. Chem. 182, 1379 (1981).

Loccufier J., Schacht E.: Makromol. Chem., Rapid Commun. 10, 271 (1989).

Methoden der organischen Chemie, Vols XV/1 and XV/2. Thieme, Stuttgart 1974.

Tuppy H., Wiesbauer U., Wintersberger E.: Hoppe-Seyler's Z. Physiol. Chem. 329, 278 (1962).
Methods of Enzymology (G. E. Perlmann and L. Lorand, Eds), Vol. 19. Academic Press, New
York 1970.

Bergmeyer U., Gawehn K.: Principles of Enzymatic Analysis. Verlag Chemie, Weinheim-New
York 1978.

Schechter 1., Berger A.: Biochem. Biophys. Res. Commun. 21, 157 (1967).

Collect. Czech. Chem. Commun. (Vol. 60) (1995)



