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Summary

Various aliphatic N-acyl derivatives and an N-phthalidyl derivative of the model compound N-benzyloxycarbonyl-glycyl-1.-pro-
lineamide (Z-Gly-ProNH,) were synthesized to assess their suitability as prodrug forms for the C-terminal prolineamide residue
occurring in several peptides (e.g. TRH) with the aim of protecting the peptide against prolyl endopeptidase in the gut prior to
absorption. Whereas Z-Gly-ProNH , was rapidly hydrolyzed in a rabbit gut homogenate, used as a source of prolyl endopeptidase,
the N-acyl derivatives were found to afford protection by a factor of 1.5-6. The stability of the N-acyl derivatives in the gut
homogenate decreased with increasing chain length within the acyl group. The N-phthalidyl derivative, on the other hand,
degraded even faster than the parent compound. The derivatives were all converted quantitatively into the parent peptide in
human plasma solutions via hydrolysis catalyzed by non-specific plasma esterases. The results suggest that by appropriate
N-acylation it may be feasible to improve the stability of a C-terminal prolineamide moiety toward prolyl endopeptidase. The
combination of increased stability in the intestine and higher lipophilicity of the N-acyl prodrugs might render it possible to
improve the delivery characteristics of peptides containing a C-terminal prolineamide moiety.

Introduction

The potential clinical utility of thyrotropin-re-
leasing hormone (TRH) in the management of
various neurologic and neuropsychiatric disorders
including depression, brain injury, acute spinal
trauma, schizophrenia and Alzheimer’s disease is
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hampered by its rapid metabolism, limited per-
oral absorption and poor access to the brain
(Griffiths, 1985, 1986, 1987; Horita et al., 1986;
Loosen, 1988; Metcalf and Jackson, 1989). In
recent papers, we have described the develop-
ment of some bioreversible derivatives (prodrugs)
of TRH which are completely resistant towards
degradation by the TRH-specific pyroglutamyl
aminopeptidase (PAPase 11) in human blood and
hence capable of protecting the parent TRH
against rapid inactivation in vivo (Bundgaard and
Moss, 1990; Mgss and Bundgaard, 1991). The
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derivatives developed are N-alkoxycarbonyl and
N-phthalidyl derivatives formed at the imidazole
residue of TRH. These derivatives are readily
bioreversible as the parent TRH is formed quan-
titatively from the derivatives by spontaneous hy-
drolysis or plasma esterase-catalyzed hydrolysis.
In addition, the prodrugs possess greatly in-
creased lipophilicity relative to TRH which may
render them more capable of penetrating the
blood brain barrier or various other biomem-
branes such as the skin (Mgss and Bundgaard,
1990) than the parent peptide.

Despite having a high lipophilicity as ex-
pressed in terms of octanol-water partition coeffi-
cients these prodrug derivatives did not improve
the penetration of TRH across various intestinal
segments of the rat or albino rabbit as demon-
strated with the modified Ussing chamber tech-
nique (Mgss et al., 1990). A major reason for this
was suggested to be facile degradation of the
derivatives by prolyl endopeptidase in the gut
tissues (Scheme 1) (Mgss et al., 1990). This en-
zyme is a serine protease which cleaves the C-
terminal prolineamide residue both in the pro-
drugs and in TRH to yield the respective acids.
Therefore, prodrugs suitable for improving the
oral absorption of TRH (which is only 1-2% in
man (Yokohama et al., 1984; Duntas et al., 1988))
should not only possess a certain lipophilicity but
also be resistant toward the prolyl endopeptidase
enzyme present in the gut.

The objective of the present study was to eval-
uate various means of bioreversible derivatization
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of the C-terminal prolineamide moiety with the
aim of achieving protection of the amide bond
against prolyl endopeptidase. Previously ex-
ploited bioreversible derivatives for an amide
moiety include N-Mannich bases and N-hydroxy-
methyl derivatives (Bundgaard, 1985), glyoxylic
acid adducts (Bundgaard and Buur, 1987) as well
as N-phthalidyl derivatives (Bundgaard et al.,
1988) and N-acyl derivatives (Kahns and
Bundgaard, 1991a,b). In this work, we have used
N-benzyloxycarbonyl-glycyl-L-prolineamide (Z-
Gly-ProNH,) () as a model compound because
of its high susceptibility to prolyl endopeptidase.
Various N-acyl derivatives (II-V) and an N-
phthalidyl derivative (VI) have been prepared and
their chemical stability as well as enzymatic sta-
bility in gut homogenates, used as a source of
prolyl endopeptidase, and in human plasma de-
termined.



Materials and Methods

Chemicals

Amino acids and N-protected amino acids and
peptides were purchased from Bachem AG,
Bubendorf, Switzerland. Chemicals and solvents
used in the synthesis and the kinetic studies were
from Aldrich-Chemie, Germany.

Synthesis of compounds I-VI

N-Benzyloxycarbonyl-glycyl-L-prolineamide (Z-
Gly-ProNH,) (1) was prepared by stirring a mix-
ture of Z-Gly-N-hydroxysuccinimide ester (20
mmol, 6.14 g), L-prolineamide (20 mmol, 2.28 g)
and triethylamine (20 mmol, 2.8 ml) in 100 ml of
acetonitrile at room temperature for 2 h. The
precipitate formed was filtered off and recrystal-
lized from ethyl acetate-petroleum ether to give
Z-Gly-ProNH,, in a yield of 75%. M.p. 147-149°C
(reported m.p. 150-151°C (Smith and Bergmann,
1944)).

The N-acyl derivatives (II-V) were prepared
by reacting Z-Gly-ProNH , (1 mmol, 305 mg) with
the appropriate acid anhydride (4 mmol) in a
solution of acetonitrile (2 ml) containing 200 ul
of sulphuric acid for 30 min at room temperature.
Water (25 ml) was added and the mixture was
extracted with ether. The organic phase was sepa-
rated, dried over anhydrous sodium sulphate and
evaporated in vacuo. The compounds were crys-
tallized from ether-ethanol-petroleum ether, m.p.
(ID 105-106°C. Anal.: Calc for C,;H, N;0O.: C,
58.78; H, 6.09; N, 12.10. Found: C, 58.65; H, 6.13;
N, 11.99. The compounds III-V were contami-
nated with 10-20% of unreacted parent amide as
revealed by HPLC analysis.

The N-phthalidyl derivative VI was prepared
using the general procedure described by Wheeler
et al. (1957). A mixture of equimolar amounts of
Z-Gly-ProNH , and phthalaldehydic acid was kept
at 135°C for 5 h. The solid obtained upon cooling
to 20°C was recrystallized from ethanol-water,
m.p. 138-140°C. Anal.: Calc. for C,3H;N;O,,
H,0: C, 60.65; H, 5.53; N, 9.23. Found: C, 60.97;
H, 5.54; N, 9.48.
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HPLC assays

Z-Gly-ProNH, (I) and its derivatives were de-
termined by isocratic reversed-phase HPLC pro-
cedures performed with a Merck Hitachi appara-
tus comprising a pump model L-6200, a Rheo-
dyne 7125 injection valve with a 20 ul loop, a
variable UV-detector L-4000 operated at 215 nm
and an autosampler model 655A-40. For the
analysis a ChromSep column (100-4.6 mm)
packed with Microspher C,, (3-um particles) and
supplied with a ChromSep guard column (both
from Chrompack) was eluted at ambient temper-
ature with a mobile phase consisting of 0.1% v /v
phosphoric acid containing acetonitrile (20-40%
v/v). The flow rate was 1.0 ml min~'. Quantita-
tion of the compounds was performed by measur-
ing the peak heights or peak areas in relation to
those of standards chromatographed under the
same conditions.

Kinetic measurements

Studies in aqueous solutions The decomposi-
tion of the compounds was studied in aqueous
buffer solutions at 37 + 0.2°C. The buffers used
were phosphate and borate buffers; a total ionic
strength (u) of 0.5 was maintained for each buffer
by adding a calculated amount of potassium chlo-
ride. The reactions were initiated by adding 100
wl of a stock solution of the derivatives in ace-
tonitrile to 10 ml of preheated buffer solution,
the final concentration of the compounds being
about 10™% M. The solutions were kept in a
water-bath at 37°C and at appropriate intervals
samples were taken and chromatographed imme-
diately. Pseudo-first-order rate constants for the
degradation were determined from the slopes of
linear plots of the logarithm of residual derivative
against time.

Studies in human plasma and rabbit gut ho-
mogenate The compounds were incubated at
37°C in human plasma diluted to 80% with 0.05
M phosphate buffer of pH 7.4 or in a 20% rabbit
gut homogenate (diluted with a 0.05 M phosphate
buffer solution of pH 7.4 containing 0.15 M
sodium chloride). The gut homogenate, derived
from a mixture of the jejunum, ileum and colon,
was prepared as previously described (Mgss et al.,
1990). Sodium edetate (EDTA) (5 mM) and
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dithiothreitol (2 mM) were added to the ho-
mogenates to activate and stabilize prolyl en-
dopeptidase (Knitsatschek and Bauer, 1979; Wal-
ter et al., 1980). The initial concentration of the
derivatives was about 10~* M. The mixtures were
kept in a water-bath at 37°C and at appropriate
intervals samples of 250 upl were withdrawn and
added to 500 ul of a 2% solution of zinc sulphate
in methanol-water (1:1 v/v) in order to depro-
teinize the samples. After immediate mixing and
centrifugation at 13000 rpm for 3 min, 20 wul of
the clear supernatant was analyzed by HPLC as
described above.

Results and Discussion

N-Benzyloxycarbonyl-glycyl-L-prolineamide (Z-
Gly-ProNH,) (I) was used as a model for pep-
tides such as TRH containing a C-terminal pro-
lineamide residue. Rabbit gut homogenate has
been reported to have a high prolyl endopepti-
dase activity (Orlowski et al., 1979; Mgss et al.,
1990) and was therefore used as a source of the
enzyme in this study. As seen from Fig. 1 the
degradation of Z-Gly-ProNH, was accompanied
by the quantitative formation of the deamidated
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Fig. 1. Plots showing the time courses of degradation of

Z-Gly-ProNH, (®) and formation of Z-Gly-Pro (®) in 20%
rabbit gut homogenate (pH 7.4) at 37°C.
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Fig. 2. The pH-rate profile for the decomposition of com-
pound V in aqueous buffer solution (u = 0.5) at 37°C.

product (Z-Gly-Pro), indicating the presence of
prolyl endopeptidase in the homogenate. Com-
pound I appeared to be a good substrate for
prolyl endopeptidase. In a 20% rabbit gut ho-
mogenate (pH 7.4 and 37°C) it hydrolyzed accord-
ing to first-order kinetics with a half-life of 6 min.
In aqueous buffer solution of pH 7.4 and in 80%
human plasma the compound was completely sta-
ble.

Stability of the prodrug derivatives

The kinetics of degradation of the N-acyl
derivatives (II-V) and the phthalidyl derivative
(VD) of Z-Gly-ProNH, was studied in aqueous
solution at 37°C over the pH range 7.4-10.0. At
constant pH and temperature the disappearance
of the derivatives displayed strict first-order ki-
netics over several half-lives and all reactions
proceeded to completion.

The influence of pH on the rate of hydrolysis
of compound V is shown in Fig. 2 where the
logarithm of the observed pseudo-first-order con-
stants (k) is plotted against pH. The pH-rate



profiles obtained for the other N-acyl derivatives
and the phthalidyl derivative VI had a similar
shape, indicating the occurrence of a specific
base-catalyzed degradation in the pH range in-
vestigated according to the following rate expres-
sion:

Kons = kon@on (1)

where agy refers to the hydroxide ion activity
and ky,, is the second-order rate constant for the
specific base-catalyzed decomposition. The values
of kg and the half-lives of hydrolysis of the
compounds at pH 7.4 are listed in Table 1. The
degradation of all derivatives in neutral and alka-
line aqueous solutions proceeded with the quanti-
tative formation of compound I as revealed by
HPLC analysis of the reaction solution. An exam-
ple of a product analysis is shown in Fig. 3 for
compound III. Thus, hydrolysis of the N-acylated
amides, which can be regarded as unsymmetrical
acyclic imides, to yield Z-Gly-Pro does not occur
to any significant extent.

The half-lives observed for the hydrolysis of
the compounds in 80% human plasma at 37°C
are included in Table 1. As can be seen from the
data the hydrolysis is markedly catalyzed by
plasma enzymes as has previously been found for
other N-acylated amides (Kahns and Bundgaard,
1991a). Also in plasma solutions the hydrolysis of
the derivatives proceeded with the quantitative

TABLE 1

Half-lives of decomposition and k,y values of compounds
I-VI in buffer solutions, 80% human plasma and 20% rabbit
gut homogenate at 37°C

Com- kg Half-lives
—1
pound (M . Aqueous  80% human  20% rabbit
min~ ") buffer plasma gut
(pH74) (pH74) homogenate

(pH 7.4)

| - stable stable 6.4 min

11 98 195 h 14 h 36 min

1 80 240 h 24 h 23 min

v 44 430 h 31h 16 min

\% 61 316 h 42 h 8.7 min

Vi 912 21 h 7 min 3.6 min
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Fig. 3. Plots showing the time courses of degradation of
compound III () and formation of Z-Gly-ProNH, (I) (®) in
a 0.02 M borate buffer solution of pH 10.0 at 37°C.

formation of compound I. The phthalidyl deriva-
tive VI showed a particularly high susceptibility to
undergo plasma-catalyzed degradation. As de-
scribed before for such derivatives of other amides
(Bundgaard et al., 1988) this effect can be as-
cribed to enzymatic hydrolysis of the lactone ring
to yield an N-a-hydroxyalkyl derivative which
quickly decomposes to the amide and phthalalde-
hydic acid.

Stability in gut homogenate

The stability of the derivatives 11-VI was de-
termined in 20% rabbit intestinal homogenate
and compared with that of the parent peptide L.
Under the experimental conditions used the dis-
appearance of the compounds followed first-order
kinetics as illustrated in Fig. 4. The observed
half-lives for the degradation are listed in Table
1. The data show that the N-acyl derivatives are
more resistant to degradation than Z-Gly-ProNH ,
although to varying extents. The degree of stabi-
lization is seen to decrease with increasing alkyl
group. The N-phthalidyl derivative VI, however,
was found to be even more unstable than the
parent Z-Gly-ProNH,. These findings parallel
those observed with various N-3'™-alkoxycarbonyl
and N-3'™-phthalidyl derivatives of TRH where it
was found that the more hydrophobic or lipophilic
derivatives possessed the greatest susceptibility to
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Fig. 4. First-order kinetic plots for the hydrolysis at 37°C of
compounds T (@), II (M) and IV (4) in 209 rabbit gut
homogenate (pH 7.4) at 37°C.

undergo cleavage by prolyl endopeptidase (Mgss
et al., 1990; Mgss and Bundgaard, 1991). The
specificity of this enzyme is rather broad in terms
of groups attached to the proline amide core but
hydrophobic substituents in the moiety generally
increase the substrate reactivity (Walter et al.,
1980; Wilk; 1983).

Whereas the disappearance of the N-acyl
derivatives in the gut homogenate proceeded ac-
cording to strict first-order kinetics the mecha-
nism of degradation remains somewhat obscure.
Monitoring the degradation course by HPLC
showed that the disappearance of the derivatives
was accompanied by the formation of an un-
known peak which then disappeared much more
slowly. The ultimate degradation product was in
all cases found to be Z-Gly-Pro. The retention
time of the intermediate was in each case longer
than that of the individual N-acyl derivative and
different for each compound.

In conclusion, the results obtained suggest that
N-acylation of a C-terminal prolineamide group
in peptides may be a possible approach to obtain
derivatives which on the one hand are more sta-
ble than the parent peptide toward prolyl en-
dopeptidase present in the intestinal tissue and,
on the other, are bioreversible, being capable of
releasing the parent peptide by plasma enzyme-
catalyzed hydrolysis. The most promising deriva-

tives appear to be those with the smallest and less
hydrophobic acyl substituents. Studies are in
progress to prepare such derivatives as well as
other non-hydrophobic N-acyl derivatives at the
prolineamide moiety of TRH.
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