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Abstract

The availability of inexpensive fermentation and biocatalytic routes to both the proteinogenic and to
some unnatural amino acids has led to their wider adoption as intermediates in new drugs. Examples are
given of the application of several unnatural amino acids in the synthesis of modern pharmaceuticals. In addition, the development
of chemically defined media for mammalian cell culture has led to new applications for amino acids and for their derivatives, e.g.
short chain peptides and keto-acids.

INTRODUCTION

Some recent applications in this rapidly expanding market
are also presented.

Major amino acids for the food and animal feed industries
are today produced on a very large scale using fermentation
or synthetic processes. The market for l-glutamic acid as a
UNNATURAL AMINO ACIDS AS PHARMACEUTICAL BUILDING
food additive is 1.5 – 2 million tonnes, and for l-lysine as an
BLOCKS
animal feedstuff is > 1 million tonnes. These two amino acids
are produced today in large-scale fermentation plants. dlSome unnatural amino acids have been slow to find
Methionine, also an animal feedstuff, is produced in annual
application in the pharmaceutical industry because they
volumes of > 0.5 million tonnes by chemical synthesis. However
were obtained by hydrolysis of animal protein or had to be
until about 10 years ago many smaller volume amino acids were
manufactured by complex chemical syntheses. The recent
still manufactured by the hydrolysis of animal protein products
development of biocatalytic or fermentation routes to
(gelatin, hair, feathers). As today pharmaceutical companies
many of these unnatural amino acids has made them more
demand products certified as being of non-animal origin,
readily available and is an example of the power of modern
amino acid manufacturers have developed biotechnological
industrial biotechnology. The three examples given here,
processes for almost all the natural amino acids, and for some
l-tert-leucine, l-homoserine, and l-trans-4-hydroxyproline, can
unnatural amino acids as well (1). Although the use of the
all be manufactured at production scale using enzymes and
standard proteinogenic amino acids in pharmaceuticals as
whole cell processes which have been optimised for their
chiral starting materials or as components of catalysts is wellperformance in producing the desired amino acid.
known, modern pharmaceuticals also rely on a variety of the
l-tert-leucine (1) is an unnatural amino acid, with a very bulky
unnatural amino acids to give the structural properties required
and hydrophobic side chain, which gives it particularly useful
for an effective therapeutic effect. This review considers some
properties for applications in pharmaceuticals and asymmetric
of the recent applications of
catalysis. The industrial manufacture
three unnatural amino acids in
of l-tert-leucine is carried out
new pharmaceuticals, l-tertenantioselectively and very
leucine, l-homoserine and
efficiently by a reductive amination
l-trans-4-hydroxyproline. In
using leucine dehydrogenase
addition, amino acids and their
with trimethylpyruvic acid as
derivatives such as dipeptides
the substrate (Figure 1) (2). This
are becoming more common as
reduction requires NADH as a comedia components in the field of
factor, which is regenerated in situ
chemically defined cell culture
by the incorporation of a formate
Figure 1. Industrial process for l-tert-leucine.
media for biopharmaceuticals.
dehydrogenase into the process.
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The application of l-tert-leucine as a bulky chiral building
block for asymmetric catalysts has been well reviewed (3).
It is critical for this application to have both isomers of the
chiral amino acid readily available. In the case of tertleucine, the d-(R)-tert-leucine can be manufactured by an
alternative route using a R-selective hydantoinase (4). In
the pharmaceutical area, the ready availability of l-tertleucine has resulted in it being used as a building block,
particularly to add bulk in pseudo-peptide structures. An
early application was in the field of HIV protease inhibitors. A
number of products containing the l-tert-leucine unit entered
clinical trials, but only atazanavir (2), launched in 2003 by
BMS, reached the market. A new range of anti-viral drugs is
now under development against the target of the Hepatitis C
virus, and two of these products were launched in 2011. Both
share a similar core, with a peptide bond between l-tertleucine and a modified bulky proline analogue. Boceprevir
(3) was launched by Merck/Schering-Plough and telaprevir
(4) by Vertex (Figure 2). These were the first two treatments for
Hepatitis C which did not involve interferon.

of other amino acids, such as l-methionine (6) and for the
important natural source of dietary selenium l-selenomethionine.
In the pharmaceutical industry, l-homoserine was used as the
starting material to provide one of the chiral centres in the
ACE inhibitor omapatrilat (6) (7). In addition, l-homoserine can
be readily converted into a range of chiral amino-substituted
heterocycles, which are valuable building blocks for the
synthesis of new pharmaceuticals (8). Simple chiral derivatives
derived from l-homoserine include lactones, tetrahydrofurans,
tetrahydropyrroles and tetrahydrothiophenes (Figure 3).
l-trans-4-hydroxyproline

was formerly extracted by hydrolysis of
animal collagen, e.g. gelatin or keratin, and this process is still
used in some countries. However, a biocatalytic process has
now been developed, using a proline-4-hydroxylase expressed
in E. coli, which could be operated at production scale (9). A
simple pharmaceutical derivative of l-trans-4-hydroxyproline
is the N-acetyl compound (7) which is sold as Oxaceprol.
This is an anti-inflammatory drug used to treat osteoarthritis.
However l-trans-4-hydroxyproline has been widely used as
a building block in a number of other drugs, some of which
have been launched, while others are in various stages of
clinical development. An early example is meropenem (8), an
injectable broad spectrum antibiotic with a substituted proline
side chain, developed by Dainippon Sumitomo and launched
in 1994. In the final drug molecule the 4-trans position has been
inverted by the introduction of the sulphur atom. Teneligliptin (10)
is an anti-diabetic launched by Mitsubishi Tanabe in 2012. In the
synthesis of teneligliptin, a trans-hydroxyproline is oxidised to the
keto-proline (9), which is then reductively aminated to give a cissubstituted amino proline intermediate (10). The stereoselective
reduction with triacetyl sodium triacetoxyborohydride supplies
hydrogen from the upper face of the proline ring (Figure 4).

Figure 2. Anti-viral drugs based on l-tert-leucine.

Figure 4. Some pharmaceuticals based on l-4-hydroxyproline.

Figure 3. Some transformations of l-homoserine.

l-Homoserine

(5) is a non-proteinogenic amino acid, which
plays an important role in the biosynthesis both of l-threonine
and l-methionine, and in the industrial fermentation process
to manufacture l-threonine. By modification of a threonineproducing strain of Corynebacterium glutamicum or E. coli, a
high yield of l-homoserine can be produced by fermentation
(5). The process has been optimised to a multi-tonne scale.
l-Homoserine has been used as an intermediate for the synthesis

More recently, a number of anti-viral drugs against Hepatitis C
have been developed, of which several have a 4-substituted
proline core. The first of these to be launched was Bristol-Myers
Squibb’s asunaprevir (12) in 2014. The synthesis of this molecule
starts from Boc-l-trans-4-hydroxyproline (11). The substitution
proceeds with retention at the proline centre, and the 4-hydroxy
oxygen forms part of the final drug molecule (11) (Figure 5). For
the related compound grazoprevir (MK-5172) (13), developed
by Merck and currently in phase III trials for Hepatitis C, two
routes from 4-hydroxyproline have been presented. The first
is similar to that presented for asunaprevir, with retention at
the 4-position on the proline ring; the second route starts from
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the l-4-cis-hydroxyproline derivative (14), and proceeds with
inversion at the proline 4-position (12). As the cis-isomer can be
readily prepared from l-4-trans-hydroxyproline, with retention
of stereochemistry at the C-2 position, this example shows the
versatility of the hydroxyproline molecule as a key intermediate
for new pharmaceutical products. Grazoprevir also contains
the l-tert-leucine unit, which was seen above in other anti-viral
drugs directed towards Hepatitis C. There are several related
compounds in various stages of clinical trials against Hepatitis C,
including vedroprevir, deldeprevir and sovaprevir, all of which
contain the 4-hydroxyproline motif.

Figure 5. Recently launched Hepatitis C drugs.

CHEMICALLY DEFINED COMPONENTS FOR CELL CULTURE MEDIA
Biopharmaceuticals take an increasingly large share in lists of
the world’s top selling drugs. A recently published summary
table shows that in 2013, 9 of the top 20 positions were held by
biopharmaceuticals, which had total sales of nearly $60 billion (13).
Early biopharmaceutical products used standard media based
on classical formulations such as Eagle´s MEM and had typical
productivities of 0.5g/L or less. New products coming to the market
have product titres of up to 10-15g/L (14). This improvement has
been due not only to improved cell lines, but also to a systematic
approach towards optimizing the cell culture media for the specific
antibody being manufactured and the manufacturing process
being employed. The media for biopharmaceutical manufacture
using mammalian cells, most usually Chinese Hamster Ovary (CHO)
cell lines, have become more specialised in recent years. There
has been a move away from the use of animal products such as
fetal bovine serum and undefined protein hydrolysates, driven by
the BSE crisis, as serum is a potential source of critical contaminants
(15), as well as by the need to eliminate this costly supplement.
In addition, because of its animal origin and the inevitable
variations in composition per batch, serum can also be a source
of performance fluctuations. Higher regulatory scrutiny furthermore
demands more detailed insights into the exact media composition.
All this has accelerated the development of high-performance
chemically defined and animal-origin-free media, using a new
range of ingredients and supplements to overcome the initial
performance losses caused by removing serum. These supplements
are optimised for each new biopharmaceutical product to
achieve maximum reactor productivity while preserving a constant
quality profile (e.g. glycosylation and charge heterogeneity). The
specific additives used include metal salts, carboxylic acids, amino
acids, small peptides and keto-acids. The media are adapted

also to the production process. A fed-batch process, still the
workhorse for biopharmaceutical production, requires a different
combination of growth medium and feed than a perfusion culture,
leading to different challenges in media design and formulation.
Two key problems facing the formulator of cell culture media are
stability and solubility of the individual components. The 20 natural
amino acids vary widely in their solubility, so a liquid formulation
can end up being very dilute if it is intended to contain effective
amounts of all the amino acids. If a solid supplement is designed
without accounting for solubility differences, then these can lead
to imbalances in the amino acid feed to the cells. l-tyrosine and
l-cystine (the dimeric form of l-cysteine) have particularly low
solubility in water at physiological pH. In addition to its mediocre
solubility, l-glutamine is unstable in solution at pH 7, so that it
cannot be prepared as a stock solution in advance, and must
be added separately as an additional reactor feed. This stability
problem also prevents sterilization by heat treatment and requires
l-glutamine to be sterile filtered into an autoclaved medium.
One solution to these problems is to use simple dipeptides instead
of the component amino acids. The dipeptides are designed to
be more stable and/or more soluble than the parent amino acids,
and can be readily taken up by the mammalian cell culture,
either directly as the dipeptide or, after enzymatic cleavage in
the culture medium, as the individual amino acids. For example,
l-alanyl-l-glutamine (15) and glycyl-l-glutamine (16) have been
used for many years as a stable form of glutamine in products
designed for parenteral nutrition. They are now finding widespread
application in cell culture media. An early paper on dipeptide
supplementation showed that l-alanyl-l-glutamine and glycyl-lglutamine were both suitable replacements for l-glutamine (16).
The authors proposed the mode of action was external hydrolysis
by a specific peptidase, slowly liberating l-glutamine and making
this available for cell metabolism. The shorter time between
liberation and metabolization limits the amount of ammonia
released by decomposition of the glutamine. In addition, these
dipeptides were also reported to reduce the metabolic ammonia
(17). N-Acetyl-l-alanyl-l-glutamine (17) is a further stabilised form
of l-glutamine, which is highly soluble in water, and is resistant to
typical heat sterilization conditions (18) (Figure 6). As ammonia is a
key factor limiting the maximum yield of a cell culture, strategies
to reduce exposure of cells to this inhibitor result in improved
cell culture performance (19). Ammonia is also reported to be
detrimental to the quality of recombinant proteins, so ammoniareducing strategies can help to stabilize glycoprofiles (20).

Figure 6. Dipeptides used as supplements in chemically defined
cell culture media.
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For the less soluble amino acids l-tyrosine and l-cystine,
the corresponding dipeptides with glycine or l-alanine
have also been used as soluble equivalents in parenteral
nutrition, and both the glycine and alanine dipeptides
have been shown to be readily hydrolysed in vivo (21).
l-Alanyl-l-tyrosine (18a) and l-alanyl-l-cystine (19) have
been tested in CHO cells, and shown to give improved
cell viability and cell titres (22). Another patent also claims
improved cell viability with glycyl-l-cystine and l-alanyll-cystine (23). Similar positive effects have been also found
for glycyl-l-tyrosine (18b) (24). Besides nutritional effects, the
ability to formulate more concentrated feeds for fed-batch
cultivation at physiological pH leads to less dilution during
the feed phase and positively impacts productivity.
The tyrosine solubility problem has also been addressed by
using N-terminal tyrosine dipeptides as chemically defined
media supplements rather than the C-terminal tyrosine
dipeptides described above. Both l-tyrosyl-l-histidine (20)
and l-tyrosyl-l-lysine (21) gave significantly higher cell titre and
culture viability when added to two CHO cell cultures (25).
The authors tested a number of other dipeptides and found
some positive results, e.g. with l-histidyl-glycine. However the
dipeptide glycyl-l-histidine gave negative results, showing
that the effect of substituting a dipeptide into a media feed
cannot yet be accurately predicted.
For lysine-containing di- and tripeptides, a correlation
between growth suppression and increased antibody
productivity was reported (26). The authors also showed
that the effects of peptide supplementation goes beyond
nutritional value, as supplementation with equal amounts of
free amino acids led to contrary effects.
A very large number of dipeptides have not yet been
tested as part of a chemically defined supplement for
mammalian cell culture, and some of these could in future
be found to have similar positive effects on cell titre and
culture viability. The prevalence of CHO-based production
processes has focussed research on investigating the use of
peptide supplements on these cells. However, comparable
beneficial effects have also been observed for hybridoma
or Vero cells (27).

tripeptide Pro-Hyp-Gly, are used in tissue culture to aid in
cell adhesion and cell differentiation, and in the formation
of fibroblasts (31). On the other hand, the isomeric amino
acid l-cis-4-hydroxyproline (24) is used in cell culture to
reduce or remove fibroblasts from the culture (Figure 7). The
cis-isomer is incorporated into collagen chains but prevents
them from folding into the typical collagen triple helix (32).

Figure 7. Other components of chemically defined media.

Alpha-ketoglutaric acid (AKG) (25) is related by metabolic
cycles to both l-glutamic acid and l-glutamine. It is also
an intermediate in the citric acid cycle in mammalian
cells, through its irreversible decarboxylation via succinyl
CoA to succinate, and can as such directly influence
the cell´s energy cycle (Figure 8). As an equivalent to
l -glutamine it can reduce the amount of ammonia which
is produced by the cell culture during the metabolism of
glutamine as an energy source, while at the same time
increasing the cell yield (33). It thus acts as a booster,
increasing the viable cell density and the antibody
productivity (34). A further role of AKG is as a peroxide
scavenger, protecting the cells from oxidative stress.
Hydrogen peroxide can be generated from components
arising in standard media such as ascorbic acid. Alphaketoglutaric acid reduces the peroxide level in the media
and is itself oxidised to succinic acid (35). Finally, the
ammonia reducing action of AKG can aid in improving
the glycosylation level of the antibody, as high cell
ammonia levels have been shown to reduce the amount
of terminal sialylation (36). A good overview on the
metabolic effects can be found in (37).

Other related compounds also show significant
benefits as cell culture media supplements.
Beta-alanine is a precursor of the anti-oxidant
dipeptide carnosine (β-alanyl-l-histidine) (22),
which is claimed to increase cell viability via an
anti-senescence mechanism (28). Also β-alanine
transporters were found to be highly upregulated in
antibody-producing cell lines, indicating the cell’s
requirement for this amino acid (29).
Figure 8. Metabolic pathways for α-ketoglutaric acid.
l-Homoserine is also of potential interest as a
supplement for cell culture applications. Both
l-homoserine and β-alanine have shown improved
CONCLUSIONS
immunoglobulin production and CHO cell growth when
added to standard media. In addition, metabolic studies
This short review has served to highlight the wide application of
have identified l-homoserine as a growth promoting
amino acids and their derivatives, notably dipeptides and ketocompound within a complex soy protein hydrolysate (30).
acids in the manufacture of small molecule drugs as well as of
These effects can probably be attributed to its role as a
biopharmaceuticals. Although amino acids are a well-known
biosynthetic precursor for three essential amino acids,
class of compounds, new applications in the pharmaceutical
l-methionine, l-threonine and l-isoleucine.
area are continually being discovered. With an increasing
l-trans-4-Hydroxyproline is a key amino acid in collagen
availability of chemically defined individual components in
and constitutes 10 – 15% of the total amino acid content
suitable qualities, there is a good chance that these products
of mammalian collagen. Collagen fragments, for example
can contribute significantly to making better drugs more
the dipeptide l-prolyl-l-4-trans-hydroxyproline (23) or the
efficiently – for both chemical and biotechnological processes.
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