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INTRODUCTION

This paper aims to review the existing literature on the use of prodrugs to
circumvent some of the difficulties associated with the formulation, systemic
delivery, and rapid clearance of peptide and protein therapeutic agents.
Understanding the basic elements involved in effective delivery and formu-
lation of peptides and proteins is both intellectually challenging and enor-
mously important. The relatively recent evolution of recombinant DNA
research and modern synthetic methodologies allow the biochemist and
chemist to produce vast quantities of various peptides and proteins possessing
pharmacological efficacy. However, the therapeutic potential of these com-
pounds lies in our ability to design and achieve effective and.stable delivery
systems. The future challenge in biotechnology may not only be polypeptide
cloning and synthesis but effective nonparenteral delivery of intact peptides
and proteins to the systemic circulation and their site of action. Based on our
current understanding of biochemical and physiological aspects of peptide and
protein absorption and metabolism, it is difficult to conceive of efficient means
of delivering of these agents through the use of conventional formulation
technology, namely, simple tablets and capsules (1-2).

The main impediment to the use of peptides and proteins as potential
therapeutic drugs is their inadequate and erratic oral absorption (3, 4). Most
linear peptides undergo rapid and extensive metabolism by proteolysis in the
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gastrointestinal tract (5). After oral dosing, polypeptides are also subjected to
presystemic clearance by the liver, which often leads to a lack of significant
correlation between membrane permeability, absorption, and bioavailability.
Many peptides are innately hydrophilic and of higher molecular weight than
traditional drugs, which, in turn, diminishes their ability to passively penetrate
biological barriers. In the case of proteins, crossing biological membranes
may perturb the tertiary structure and thereby alter the pharmacological
activity or toxicity profile of these agents.

The therapeutic usefulness of many peptides also suffers from the lack of
prolonged half-life in the systemic circulation due to the presence of effective
clearance mechanisms in the blood and in various highly perfused organs such
as the liver, kidney, and lung. In addition to delivery problems, polypeptides
may also manifest chemical and physical instability, which also further
complicates the task of formulation (6).

The lack of patient compliance, the difficulties associated with parenteral
delivery, and poor oral bioavailability have provided the impetus for exploring
alternative routes to macromolecule delivery. These include routes such as
pulmonary, ocular, nasal, rectal, vaginal, and transdermal (7-10). In absence
of external stimuli to facilitate absorption, use of these alternative routes has
had limited success. Various strategies have been implemented to promote
bioavailability of polypeptides, including supplemental administration of
protease inhibitors (11-13), use of absorption enhancers (14, 15), novel
formulation strategies (16, 17), and irreversible (analogs) (18, 19) or reversible
(prodrug) chemical modifications.

Prodrug strategies consist of a transient modification of the physicochemical
properties of a given compound through chemical derivatization (20, 21).
Such reversible chemical modification is designed to enhance chemical
stability, alter aqueous solubility, or improve bioavailability while the inherent
pharmacological properties of the parent drug remain intact. A prerequisite
for success of the prodrug approach is the reliable conversion of prodrug to
the parent drug through either enzymatic or nonenzymatic catalyzed reaction,
once the barrier to delivery has been circumvented (Figure 1).

In using prodrugs to improve the formulation characteristics, transport
properties, and metabolic stability of peptides, one must consider the factors
influencing the chemical and physical stability of polypeptide as well as the
basic elements governing the enzymatic and biological barriers. The reader
should note that the existing literature on the prodrugs of polypeptides is quite
limited and just evolving. In addition, a significant portion of the studies in
this area are confined mainly to in vitro testing and evaluations. Often the
chemically modified polypeptide, possessing improved in vitro hydrolytic
stability and permeability, has not been shown to result in reliable systemic
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Figure 1 Schematic representation of the prodrug concept to circumvent various pharmaceutical
and biological barriers to drug delivery.

delivery (18). Such observations suggest that in vivo studies are pivotal in
evaluating the therapeutic potential of such prodrugs.

Our intent, therefore, is to discuss and evaluate the implication of various
prodrug approaches applied to peptides and proteins. We hope that this review
will encourage and guide appropriate research efforts in this area.

IMPROVEMENT OF THE PHYSICOCHEMICAL

PROPERTIES OF POLYPEPTIDES FOR FORMULATION
PURPOSES

Formulation of a drug entity that possess undesirable physicochemical
properties, such as poor chemical stability, or low aqueous solubility, is a
formidable task. These undesirable properties may be minimized or overcome
via the use of prodrugs. Some of the pharmaceutical parameters modified by
the prodrug approach are solubility, stability, crystallinity, and taste. An
extensive review of the general application of the prodrug approach is beyond
the scope of this paper but it has been reviewed elsewhere (See Refs. 20, 21).
Discussed here is the potential of the prodrug approach in improving the
physicochemical properties of polypeptides for formulation purposes.

The poor solubility of a drug molecule in an aqueous environment may
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manifest itself by causing undesirable characteristics that often severely limit
the therapeutic potential of the drug entity. These type of compounds often
display erratic oral bioavailability and are difficult to formulate as aqueous
parenteral dosage forms. Generally, this problem is not encountered for linear
peptides since most are innately hydrophilic and possess adequate aqueous
solubility, although some new experimental HIV-protease inhibitors are quite
insoluble (22, 23). Many cyclic peptides are significantly less hydrophilic and
possess lower aqueous solubility since the ionizable C- and N-terminus are
capped upon cyclization. Such low aqueous solubility profile is often observed
for cyclic peptides that only contain nonpolar amino acids (24-26).

The problems associated with a poor solubility profile may be improved
by introduction of an ionizable moiety linked to derivatizable functionalities
of the polypeptide. For example, Balkoves and co-workers synthesized a
water-soluble phosphate monoester derivative of a lipopeptide by phosphor-
ylation of the phenolic hydroxyl group of a homotyrosine residue (27). The
prodrug exhibited excellent hydrolytic stability and had comparable in vivo
activity to the parent cyclic peptide, indicating that the prodrug undergoes
enzymatic hydrolysis to generate the parent drug. In addition to possessing
improved aqueous solubility, the prodrug appeared to produce a more
sustained drug level profile (28).

The N-alkylation of the peptide bond has been reported as an alternative
approach in increasing the aqueous solubility of a polypeptide (25, 29).
Replacement of the alanine or leucine residue by proline substantially
improves the water solubility of a cyclic pentapeptide (25). The solubility
enhancement has been attributed to the diminished structural regularity and
lowered intermolecular hydrogen-bonding capability of the polypeptide. To
our knowledge, the means to augment the aqueous solubility of a polypeptide
through a selective and reversible N-alkylation of the amide bond has not
been exploited. However, one may envisage the applicability of this concept
in rational polypeptide prodrug design.

The thiol functionality of a polypeptide may also be a feasible site for
prodrug modifications. Thiol prodrugs of conventional xenobiotics and peptide
mimetic compounds have been prepared via a thioesterification, phosphory-
lation, or disulfide formation. These prodrugs are biologically converted to
the parent thiol, thus restoring the pharmacological effect of the drug entity
(30-32). Similar chemical modifications may be applied to polypeptides, to
improve the aqueous solubility or minimize oxidative degradation of polypep-
tides. To our knowledge, this concept has not yet been extensively exploited
for polypeptides.

Understanding the means to prevent nonenzymatic degradation of polypep-
tides under formulation conditions is also essential for their development as
pharmaceutical products. Polypeptide degradation can be classified into


http://www.annualreviews.org/aronline

N

Annua Reviews )
www.annualreviews.org/aronline

PRODRUGS OF POLYPEPTIDES 525

chemical or physical instability (33). Various approaches have been applied
to chemically and physically stabilize polypeptides and are extensively
reviewed elsewhere (34). One of the most prominent approaches in stabilizing
polypeptides involves the irreversible chemical modifications of the primary
structure using site-directed mutagenesis (35-37). However, such irreversible
chemical modifications may alter the pharmacological activity of the poly-
peptides or may elicit an immunological response and, thus, is not considered
as a prodrug approach.

The use of prodrugs to chemically or physically stabilize polypeptides has
not been evaluated but is a potentially fruitful research area.

MINIMIZATION OF THE PROTEOLYTIC
DEGRADATION OF POLYPEPTIDES

Two distinct classes of barriers—enzymatic inactivation and penetration—op-
erate simultaneously to minimize the transport and absorption of polypeptides.
The enzymatic barrier has been considered overriding in limiting the extent
and the rate of polypeptide systemic availability (4). A significant research
endeavor has recently been initiated to delineate the basic factors governing
the absorption mechanism of polypeptides (38, 39), but considerably greater
effort is needed. Our understanding of polypeptide metabolism, until recently,
has been mainly distilled from nutritional studies (40-42). The human body
is well equipped to digest and metabolize peptides and proteins into smaller
fragments and amino acids. The digestive process is accomplished by various
classes of peptidases and proteinases. Many such enzymes have been
identified and, in a broad sense, they all catalyze the same reaction: hydrolysis
of the peptide bond in polypeptides. Of course, these enzymes differ in
substrate specificities and in their anatomical localization and distribution.
The presence of peptidases and proteinases is required to sustain vital
biochemical and physiological processes in the body. Almost every given
tissue, therefore, contains considerable levels of these enzymes. The ubiqui-
tous nature of these enzymes adds another dimension to the formidable
problem of peptide and protein delivery.

The stomach contains a series of aspartic proteases called pepsin that are
responsible for fragmentation of large proteins into smaller polypeptides.
Pancreatic proteases such as chymotrypsin, trypsin, elastase, and car-
boxypeptidase A, which are mostly found in the small intestine, selectively
catalyze degradation of polypeptides at specific amino acid residues. Proteases
in the brush border and cytosol of the enterocytes mainly consist of
aminopeptidase A and N, diaminopeptidase IV, endopeptidases 24.11, and
angiotensin converting enzyme (ACE) (43-45). These enzymes are usually
associated with the apical membrane with their active site in direct contact
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with the extracellular environment (46). The brush border proteases are mainly
involved in hydrolysis of tri- and tetrapeptides, whereas cytosolic proteases
preferentially digest dipeptides compared to larger peptide fragments. Even
if a given polypeptide is not subjected to hydrolysis in the gastrointestinat
tract, liver clearance (first pass effect) may substantially reduce the apparent
bioavailability of the peptide (47). Limited data on hepatic metabolism or
extraction of polypeptides are available since most compounds have already
been hydrolyzed well before reaching this organ. Nevertheless, the extent of
hepatic metabolism in limiting the bioavailability of polypeptides may be
much more important than was initially anticipated.

Alternative routes for delivery of polypeptides, other than oral, have also
been exploited: these include the nasal, transdermal, ocular, buccal, pulmo-
nary, rectal, and vaginal routes. However, the ubiquitous nature of peptidases
limits the extent and the rate of polypeptide absorption via these routes as
well as via the oral route. Nevertheless, with co-administration of enhancers
and/or protease inhibitors, the systemic delivery of polypeptides by the nasal
and pulmonary routes in particular appears tangible and may be promising
(48).

Methods to diminish the proteolytic degradation of polypeptides through

irreversible chemical modifications (analog design) have received consider-

able attention (18, 19). Despite prodigious effort, our understanding of the
structural modification requirements to impart complete metabolic stability
for peptide and peptide mimetic agents remains incomplete. The current
literature on the prodrug approach in preventing or altering proteolysis is
limited, mainly because research efforts have been targeted principally toward
design and synthesis of prodrugs stable to the hydrolytic action of specific
enzymes. Consequently, most of these prodrugs have been evaluated in vitro
and their effectiveness in vivo has not been fully examined. We discuss some
examples of prodrug approaches to metabolically stabilize specific sites in
polypeptides. Some of these prodrug concepts were applied previously to
nonproteogenic molecules possessing identical functional moieties and may
not present a novel or specific prodrug concept developed especially for
polypeptides.

Proteolysis may occur at N-terminus, C-terminus, or at distinct endo
residues in a polypeptide. The mechanism by which catalytic enzymes appear
to achieve biological specificity involves the use of various interactive
mechanisms between the substrate and the enzyme such as hydrogen bonding,
hydrophobic interactions, and electrostatic effects. A simple prodrug approach
in preventing proteolysis may therefore disrupt the enzyme/substrate recogni-
tion process. This disruption may be achieved by reversible chemical
modification of functional groups in the polypeptide that are close to the
enzymatically labile site.
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Various investigators have successfully designed and synthesized polypep-
tide prodrugs that are resistant to the proteolytic action of aminopeptidases
by reversible chemical modification of the amino terminus. Amsbery &
Borchardt (48) have developed a novel prodrug concept in which the amine
functionality of the polypeptide is coupled to bioreversible derivatives of
3-(2'-hydroxy-4'-6’-dimethylphenyl)-3-dimethylpropionic acid (Figure 2, 1),
or 3-(3',6'-dioxo-2',4'-dimethyl-1', 4'-cyclohexadiene)-3, 3-propionic acid
(Figure 2, II). Under simulated physiological conditions the parent amine
(RNH>) is generated in a two-step process. The derivatized hydroxy amides
(I or II) are initially converted to the hydroxy amide (III) by enzymatic
catalysis (step 1), followed by the nonenzymatic lactonization of hydroxy
amide, leading to the generation of the free amine (polypeptide) and the
lactone (Figure 2, IV). The initial enzymatic steps (steps 1) may be catalyzed
by hydrolytic or reductive mechanisms (49, 50). These investigators have
successfully used the “trimethyl lock” concept (51, 52) to facilitate the rate
of lactonization (step 2) under simulated physiological conditions to generate
the parent amine. In addition to preventing proteolysis by aminopeptidases,
this highly lipid soluble prodrug moiety may also improve the transport
characteristics of the peptide by increasing its lipophilicity.

The enkephalins are rapidly hydrolyzed in vivo by two well-defined
enzymes, neutral endopeptidase and aminopeptidase N. Rasmussen & Bun-
dgaard (53) have developed aminopeptidase-resistant prodrugs of Leu-en-
kephalin and Met-enkephalin by condensing the enkephalins with various
aldehydes and ketones to form a series of 4-imidazolidinone derivatives

o} (o}
n
HC=C—0 NHR 0 NHR
OH )
! il
o)
Ester hydrolysis Reduction
[step 11 [step 1) o
o]
OH NHR Lactonization

[step 2]

-_— -

Ot
v

+
OH

W HoNR

Figure 2 Proposed bioconversion mechanism for redox-sensitive and esterase-sensitive amide

prodrug (49, 50).
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Figure 3 4-Imidazolidinone prodrugs of Met-enkephalin (53).

(Figure 3). In the presence of purified aminopeptidases, human plasma, and
rabbit intestinal homogenates, the 4-imidazolidinone derivatives (prodrugs)
showed greater metabolic stability when compared to the parent enkephalin.
These derivatives are converted to the parent enkephalin via nonenzymatic
hydrolysis and.the rates of conversion are significantly influenced by the steric
characteristics of the 2-substituents on the terminal amino acid. Interestingly,
the rate of conversion of these derivatives is significantly slower than the rate
of systemic clearance of the parent peptides. The potential therapeutic or
pharmacodynamics implication of slower prodrug reversion rate compared to
systemic clearance of the enkephalin is unknown. The importance of the rate
of bioconversion compared to the rate of parent peptide clearance is discussed
in section V of this review.

Carboxypeptidase A is responsible for cleaving the C-terminal amino acid
of polypeptides. For N-acyl dipeptides, the rate of carboxypeptidase A
proteolysis of the C-terminal amino acid is significantly influenced by the
nature of the neighboring amino acid (54, 55). Bundgaard & Rasmussen (56)
have prepared a series of carboxypeptidase A-resistant peptide prodrugs
derivatives. These N-a-hydroxyalkyl derivatives were prepared by hydrolysis
or aminolysis of various N-acyl 5-oxazolidinones and were found to display
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a much greater stability against the carboxypeptidase A than the parent
peptide. The same concept may be applied to protect polypeptides against
endopeptidases like chymotrypsin and trypsin by reversible alkylation of the
endo peptide bond susceptible to enzymatic hydrolysis. Under physiological
conditions, the N-a-hydroxyalkyl derivatives are nonenzymatically converted
to the parent peptide (Figure 4) and the rate of hydrolysis depends on both
steric and polar factors within the acyl and N-e-hydroxyalkyl moieties (56).
The inherent chemical instability characteristics of these derivatives may
present difficulties in achieving stable and reproducible formulations. In an
attempt to alter the chemical reactivitics of N-o-hydroxyalkyl prodrugs,
further chemical modifications to form the N-acyloxyalkyl prodrugs were
carried out (Figure 5). However, these prodrugs displayed chemical reactiv-
ities comparable to the N-a-hydroxyalkyl derivatives (57). The authors have
attributed the lack of improved chemical stability of N-acyloxymethyl
prodrugs to the occurrence of an alternative degradation mechanism involving
a reactive N-acyliminium ion intermediate (57). The potential applicability of
N-alkylated prodrugs of polypeptides has been extensively reviewed by
Bundgaard (58).

a-Chymotrypsin is an endopeptidase that catalyzes the hydrolysis of peptide
bonds in which the reactive carbonyl moiety belongs to the L-amino acids,
tryptophan, tyrosine, phenylalanine, and, to a lesser degree, leucine and
methionine. Since chymotrypsin is present in the gastrointestinal tract,
stability to this enzyme may be critical for adequate oral absorption of
polypeptides. The active site topology and substrate specificity of chymotryp-
sin have been investigated extensively (59, 60). Examination of the specificity
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Figure 4 Hydrolytic bioconversion pathway for N-a-hydroxyalkyl prodrugs to the parent
polypeptide (56).
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Figure 5 Proposed bioconversion pathway for N-acyloxymethyl prodrugs of polypeptides (57).

requirement reveals several interactions critical for efficient binding of a
substrate to this enzyme. For substrates containing phenylalanine, these
include a hydrogen bond between the a-NH and a-carbonyl of Phe and Ser-214
and Gly-139, respectively, and a van der Waals interaction between the benzyl
side chain and the hydrophobic pocket adjacent to the active site of
chymotrypsin (Figure 6). Modulation of any of these interactions may reduce
the peptide affinity for the chymotrypsin and thus alter the kinetics of
degradation.

The van der Waals interaction of the labile amino acid side chain with the
hydrophobic pocket of chymotrypsin is essential for substrate recognition. Any
significant alteration of the chemical structure, or reduction of conformational
flexibility of the side chain of the labile amino acid in the peptide substrate
will reduce the affinity of chymotrypsin for the substrate (polypeptide) (61).
Accordingly, for tyrosine containing peptides, the derivatization of the
phenolic hydroxyl with a prodrug moiety may decrease the van der Waals
interaction between the tyrosyl side chain and the hydrophobic pocket of the
enzyme, thus increasing proteolytic stability. For example, the esterification
of phenolic hydroxyl group of a series of N-acetyl tyrosine esters or amides
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Figure 6 Critical interactions of phenylalanine-containing peptide substrate with the enzyme
chymotrypsin.

has led to development of chymotrypsin-stable derivatives (62, 63). However,
as in other peptide analogs (18), simple proteolytic resistance toward chymo-
trypsin may not result in adequate oral absorption. Consequently, in vivo
bioavailability studies are essential for adequate evaluation of this prodrug
concept.

Thyrotropin-releasing hormone (TRH, PGlu-L-His-L-Pro-NH2) modulates
the synthesis and secretion of thyrotropin from the anterior pituitary gland.
The therapeutic potential of this peptide is severely compromised by its rapid
clearance and its poor permeability across biological membranes, including
the blood-brain barrier (64, 65). Various N-alkyloxycarbonyl prodrugs of TRH
have been prepared by acylation of the imidazole group of the histidine residue
(66, 67). Although these prodrugs have displayed greater stability in plasma
compared to the parent TRH, they manifested hydrolytic susceptibility to other
proteolytic enzymes. The in vivo consequences of these changes have not
been explored. Interestingly, the N-octyloxycarbonyl TRH, in spite of its
improved metabolic stability and lipophilicity, did not enhance the transport
properties of TRH across Caco-2 cells (68).

ENHANCING THE MEMBRANE PERMEABILITY OF
POLYPEPTIDES

Understanding the mechanism of permeability of polypeptides to biological
membranes is critical both in the design of new polypeptides and their
modification as prodrugs. In general, molecules penetrate biological barriers
via transcellular and/or paracellular pathways. The transcellular penetration
may occur via passive diffusion through the lipid membranes, carrier-mediated
active transport, and/or facilitated transport. Historically, penetration through
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the lipid barrier of cell membranes has been the generally accepted pathway
for the solute transport across biological membranes. However, the im-
plications of paracellular and carrier-mediated transport processes have
recently been exploited (69, 70). Biological membranes possess specific
chemical and physical characteristics that tend to exclude highly polar and
large macromolecules. Numerous physicochemical properties such as octa-
nol-water partition coefficient, ionization state, protein binding, and adopted
conformation have been used to predict the route and the extent by which
molecules cross biological barriers (71, 72).

The classical treatment of relating membrane permeability to octanol-water
partition coefficients in describing the biological transport phenomena for
numerous polypeptides has been inadequate (68, 73, 74)). In particular,
Conradi et al (74) demonstrated a lack of obvious correlation between the
transport properties through Caco-2 cells and octanol-water partition coeffi-
cient for a homologous series of peptides. On the other hand, a good
correlation was observed between the number of possible hydrogen-binding
sites in a given peptide series (obtained using the Stein model (75)) and their
permeability coefficient across Caco-2 cell monolayer. The decrease in the
number of hydrogen-bonding sites accompanied by an increase in the
permeability coefficient was attributed to the energy required to disrupt
hydrogen bonds for a solute to undergo the phase transition from an aqueous
to more lipid environment. However, such correlations have been demon-
strated for only a limited number of neutral peptides of limited length. In this
particular study only metabolically stable D-amino acid peptides were inves-
tigated. For ionic species (polypeptides containing ionizable side chains or an
unprotected C- or N-terminus), electrostatic interactions may become domi-
nant and thus minimize the contribution of hydrogen-bonding interactions to
the overall permeability.

Wright & Diamond (76) showed that the permeability of a tertiary amide
across rabbit gall bladder epithelium was significantly higher than the
structurally equivalent molecule containing a secondary amide. Conradi and
co-workers further examined this concept by sequential methylation of the
amide nitrogens for a series of tetrapeptide analogues and demonstrated a
substantial increase in permeability with each methyl group added (77). The
modest perturbation of the octanol-water partition coefficient by N-methyla-
tion of the peptide bone could not account for the apparent permeability
enhancement. However, the improvement in the permeability was well
correlated with the variation in the number of possible hydrogen bonding sites
in the peptide. N-Methylation is not generally considered a reversible chemical
modification. Some investigators are currently exploring strategies to reduce
the hydrogen-bonding potential of polypeptides via reversible chemical
modifications (77). Until additional experimental data are generated, we
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cannot definitively generalize the applicability of relating the number of
hydrogen bonding potential to the permeability of polypeptides.

The ionic state of a solute depends on the pKa of the ionizable moieties
and the pH of the environment in which the molecule finds itself. Therefore,
as it relates to membrane transport, it is imperative to know the pKa of
any ionizable moiety in a molecule and the pH at the interphase.
Traditionally, pKa values have been measured in an aqueous environment,
although the pKa of an ionizable moiety in a molecule may be altered in
a less aqueous environment (78). The 4-imidazolidinone prodrugs (Figure
3) of the amino terminus of model peptides (53) described earlier provide
an example of reversible chemical modification in which the pKa of the
derivatized moiety is significantly altered. 4-Imidazolidinone derivatives are
much weaker bases (pKa =~ 3.0) than the parent peptide (pKa =~ 7-8) and
result in the shift of pKa value by 4-5 pKa units. The pKa of primary
amines may also be altered by formation of enaminone prodrug derivatives
(79). Such chemical modifications in the ionic character of the peptide at
physiological pH result in increased hydrophobicity of the molecule that
could positively impact its permeability profile across various biological
membranes.

Since it is not easy to mimic the in vivo environment, it is difficult to assign
the relative importance of the preferred conformational state of isolated peptide
to its permeability characteristics. Small linear peptides exist as an ensemble
of many conformers in solution and if a preferred peptide solution conforma-
tion is determined by the use of spectroscopic techniques, it represents a
dynamic average of various conformers (80-82). Additionally, it is impossible
to unambiguously identify the conformer(s) responsible for the transport
property of the peptide. Nonetheless, various investigators have attempted to
correlate the permeability of peptides to their preferred aqueous solution
conformation (83-86). If a given peptide can adopt a conformation such that
the hydrophobic side chains are placed on the exterior portion of the molecule
and the hydrophilic components are buried in the interior, then the molecule
is, a priori, likely to interact favorably with the membrane and thus enhance
passive transport. In addition to the aqueous solution conformation, the
preferred peptide conformation should be examined in an environment with
lipid membrane-like characteristic and at an interface between an aqueous and
lipid membrane surface. For example, functional signal peptide OmpA adopts
different secondary structures depending on the solvent environment, concen-
tration of the signal peptide, and available membrane surface area (84).
Therefore, the preferred aqueous solution conformer may not represent the
conformational characteristics of a peptide at the membrane surface or when
inserted within the membrane. Based on the above observations, in the absence
of in vivo or in vitro transport studies, a simple extrapolation of aqueous
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solution conformation to the permeability potential of small peptides must be
viewed cautiously.

Chemical modification of polypeptides to improve lipophilicity or reduce
the number of hydrogen-bonding sites may also alter their preferred solution
conformation. These conformational changes may affect the permeability of
the peptide and must be considered as additional modulating factors. To our
knowledge, modifying the physicochemical properties of a peptide by confor-
mational perturbation via a prodrug approach has not been exploited. However,
this concept could well be applicable in rational polypeptide prodrug design.

It has been demonstrated that the intestinal transport of some di- and
tripeptides is carrier mediated (87-89). Many orally active peptide mimetic
agents, such as a number of penicillins and cephalosporins, take advantage
of these carriers (90). Enalapril and a number of ethyl ester prodrugs of other
ACE inhibitors, which are structurally comparable to small di- or tripeptides,
may also owe their reasonable oral availability, in part, to these or other still
unidentified carriers (91, 92). The di- and tripeptide carriers are less
structurally stringent than amino acid carrier systems (70). For example, Hu
et al (93) have synthesized a series of dipeptidyl prodrugs of a-methyldopa
possessing high affinity for the peptide carrier system. In situ intestinal studies
revealed that these dipeptidyl prodrugs had significantly increased permeabilit-
ies relative to the parent compound, which is poorly permeable even though
it is L-amino acid-like (93). Amidon et al have recently conducted systemic
bioavailability studies in rats, comparing the availability of a-methyldopa from
a-methyldopa and its prodrug a-methyldopa-L-phe. The prodrug showed a
bioavailability of 90% compared to 30% for a-methyldopa (G. L. Amidon,
personal communication).

Proteins may also cross biological membranes by carrier-mediated processes
(94). The ability of the toxic protein, Ricin, to cross cell membranes is
attributed to the binding of Ricin B chain to a surface binding site followed
by internalization (95). Upon entering the cell, the active component, the
Ricin A chain, is liberated where it exerts its toxicological effects. Therefore,
Ricin behaves essentially as a prodrug of Ricin A chain. Poznansky & Juliano
(96) have reviewed the use of monoclonal antibody-Ricin A chain conjugates
for selective delivery of this peptide toxin. Similar scenarios can be envisaged
where other prodrugs of polypeptides, including proteins, could be delivered
via this or similar carrier-mediated mechanisms.

IMPROVING THE PHARMACOKINETIC PROFILE OF
POLYPEPTIDES

The ultimate goal in designing a drug delivery system is to maximize the
therapeutic efficacy and minimize the undesirable side effects associated with
a given drug therapy. Achieving this goal requires a comprehensive under-
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standing of the pharmacokinetic and pharmacodynamic behavior of the
compound in the intended pathological state. Since it is usually impossible or
impractical to determine the drug concentration at the active site, it is generally
assumed that the plasma concentration correlates by some algorithm with the
drug concentration at its site of action. Generally, the drug must reach and
sustain sufficiently high concentrations at the site of action to elicit a desired
therapeutic effect over the period of therapy. Conversely, a spike of drug
concentration in the plasma or possibly tissues may produce adverse effects.

A problem in evaluating the pharmacokinetic and metabolic characteristics
of many polypeptides is the lack of specific and sensitive analytical procedures
(97, 98). Many standard analytical methods (such as immunoassays, bioas-
says, radiolabeled molecules, etc) used in studying the pharmacokinetics of
polypeptides do not provide an absolute identification and quantitation of the
analyte and its metabolites, complicating the interpretation of the pharmaco-
kinetics and the correlation to its pharmacodynamics. Additionally, the
pharmacological activities of polypeptides sometimes involve complex feed-
back interactions. Such phenomena further complicate and cloud our under-
standing of the correlations between the pharmacokinetics and pharmaco-
dynamics of these compounds.

Reflecting the inherent difficulties of conventional analytical methods, data
on the clearance mechanisms of polypeptides in vivo are relatively insubstan-
tial. These limited pharmacokinetic investigations have revealed that most
polypeptides lack prolonged half-lives as compared to more conventional
xenobiotics (99-101).

Proteolysis is well recognized as a general mechanism by which exoge-
nously administered peptides and proteins are catabolized. For many larger
polypeptides (proteins), this process appears to be initiated via receptor-me-
diated endocytocis followed by degradation in the lysosomes (102-104). It is
well established that the liver and kidney are the most important organs in
clearing polypeptides and proteins from the circulation (105, 106). The larger
polypeptides and proteins cleared via this mechanism possess distinct recog-
nition markers that subject them to specific receptor-mediated uptake. Addi-
tionally, the physical and chemical characteristics such as size, charge, state
of glycosylation, also influence the rate at which individual polypeptides are
cleared.

The lack of a prolonged biological half-life for many peptides requires
multiple or high dosing to maintain the drug concentrations above the required
therapeutic level. In addition to being inconvenient and impractical, multiple
bolus dosing (as opposed to infusion studies) may lead to drastic fluctuations
of the plasma levels, which can also result in greater toxicities. Strategies such
as sustained release delivery systems, reversible and irreversible chemical
modifications have been tried to extend the lifetime of polypeptides in systemic
circulation. Liposomes and microsphere technologies are capable of providing
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sustained-release polypeptide delivery by altering the input rate of the peptide.
Both can suffer, however, from rapid extraction by the liver and both have
other practical and therapeutic shortcomings (107, 108). Alternatively,
polypeptide degradation and metabolism, or output rate, may be modulated
by modifying the polypeptide primary structure or conformation so that their
susceptibility to the existing degradation pathways are altered. Various
chemical modifications have been exploited to enhance the biological half-life
of peptides and proteins (109). The primary structure can be modified through
site-directed mutagenesis or by chemical derivatizations of the polypeptide
with a nonproteogenic moiety. Such chemical derivatizations include PEGyla-
tion (110), glycosylation (111), and acylation (112). These chemical modifi-
cations have led to the development of polypeptides with extended biological
half-lives and an improved immunological profile. Some of these derivatives
behave as analogs whereas others might possess prodrug characteristics.

The prodrug concept has been successfully applied to numerous fibrinolytic
enzymes to improve their clinical profile. Fibrinolytic enzymes have been
primarily used in treating thrombosis and embolisms (113). The clinical use
of fibrinolytic enzymes, as with most other polypeptides, is hampered by their
rapid metabolism and clearance from the systemic circulation. In addition,
these compounds elicit hemorrhagic complications. Fibrinolytic enzymes are
rapidly cleared from the systemic circulation by many pathways, one of the
most important being the interaction between endogenous plasma inhibitors
and the active site of the enzyme, which results in total loss of biological
activity (114, 115). Chemical modification of the active site blocks the
physiological clearance mechanism involving the endogenous plasma inhibi-
tors and ameliorates the pharmacokinetics and clinical characteristics of these
compounds. Active-site acyl derivatives of a number of therapeutic fibrinolytic
enzymes such as streptokinase-plasmin activator complex (116), urokinase
(117), plasmin (112), and tissue-type plasminogen activator (118) have been
synthesized. These derivatives possess prodrug-like characteristics in which
the pharmacological activity is restored upon deacylation of the enzyme
through an intramolecular mechanism (112). These acyl derivatives display
prolonged pharmacological activity and act as a reservoir for the parent
enzyme. As a result of this chemically driven sustained delivery, administra-
tion of acyl derivatives of fibrinolytic enzymes presents a distinct clinical
advantage over the administration of the parent enzyme by minimizing the
peripheral side effects.

The rate of deacylation is influenced by the nature of the parent enzyme
and the chemical stability of the derivatized acyl group. Many acyl derivatives
with varying deacylation rates have been prepared and used to modulate and
control the pharmacokinetic profile of exogenously administered fibrinolytic
enzymes. The simplest way of enunciating this concept is depicted by Figure
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K2 Non-productive
clearance

Bioconversion

Prodrug

— Drug

Ky

Ka Metabolism

Figure 7 Simplified schematic representation of the kinetics phenomena modulating the extent
and input rate from a prodrug precursor.

7. Upon rapid intravenous administration of the prodrug, the plasma profile
of the parent drug is modulated by three distinct kinetic processes ki, k2 and
ks (Figure 7), where k1 is the rate process by which the parent drug is generated
from the prodrug precursor, k; is the rate process by which the prodrug is
nonproductively cleared and k3 represents the rate process for clearance of
the parent drug from circulation. Obviously, for the prodrug concept to be
successful, k2 must be small or insignificant as compared to k.

It is informative to hypothetically examine the concentration profile for the
parent polypeptide in three different cases (A, B, C), in which the value of
ki is varied while the value of k3 is kept constant. In this simulation, k3 is
assumed to be negligible and the plasma half-life of the parent polypeptide is
assumed to be only 10 min while the bioconversion half-lives for the prodrug
to the drug in cases A, B, and C are assumed to be 1 min, 25 min, and 120
min, respectively. Figure 8 displays the concentration profile for the parent
polypeptide after rapid intravenous injection of prodrugs A, B, and C. As
illustrated, if the rate of bioconversion is reasonably fast, the prodrug system
will generate a concentration profile almost identical to bolus intravenous
injection of the parent drug (prodrug system A). Such an input rate results in
a rapid spike in the plasma concentration of the polypeptide, with possible
undesirable side effects. An optimal pharmacokinetic profile may be obtained
when the rate of bioconversion and the rate of clearance of the parent
polypeptide (Prodrug system B) are in balance. However, if the bioconversion
rate is too slow, the plasma concentration of the parent peptide remains low
and possibly ineffective (prodrug system C).

In theory, however, the shortcomings of prodrug system C could be
circumvented by administration of a higher dose of prodrug C. It would appear
from this last simulation (prodrug C) that the prodrug has produced a longer
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Figure8 The concentration time course for the parent polypeptide following the rapid intravenous
administration of various prodrug systems possessing different rates of bioconversion. See the
schematic illustration in Figure 7.

apparent half-life for the parent drug. The actual half-life of the parent peptide
is not extended and the longer apparent half-life is the result of what has been
termed “flip-flop” kinetics where the longer apparent half-life is actually
representative of the “input ” rate rather than the “output” rate (119). The
increase in the residence time of the prodrug in the body may be accompanied
by its (prodrug) greater susceptibility to alternative routes of clearance
including nonproductive metabolic degradation. Albert (120) summarized this
concept when he stated that “although a detailed knowledge of permeability
and enzymes can assist a designer in finding pro-agents....(they) will have in
mind an organism’s normal reaction to a foreign substance is to burn it up
for food”.

A greater understanding of the basic elements involved in the clearance
mechanisms of polypeptides is vital for the rational development of prodrugs
for improving their pharmacokinetic and pharmacodynamic properties. For
example, by unraveling the mechanism of receptor-mediated clearance at the
molecular level, it is possible to envisage the design of prodrugs of proteins
with diminished affinity for the uptake receptors and consequently, prolonged
biological half-lives.

CONCLUSION

In summary, this review, although not comprehensive, has attempted to
highlight and assess examples of the prodrug approach applied to peptide and
proteins, especially those that relate to metabolism, transport, and chemically


http://www.annualreviews.org/aronline

N

Annua Reviews )
www.annualreviews.org/aronline

PRODRUGS OF POLYPEPTIDES 539
driven controlled release of polypeptides. The importance of in vivo studies
in more thoroughly evaluating the potential of these prodrugs has been stressed
throughout this paper. We hope this review will stimulate more extensive
research into the use of prodrugs for improved formulation, delivery and
pharmacokinetic profile of peptides and proteins.
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