NPTEL — Chemistry — Bio-Organic Chemistry

2.1. Introduction - Overview of Chemical Biology

2.1.1. What Is Chemical Biology?

® Although the The term “Chemical Biology originates in 1945 by Linus
Pauling, it is a relatively new scientific area related to Molecular biology,
Structural chemistry, Bioinformatics, Proteomics, Organic chemistry,
Pharmacology, Medicinal chemistry and many others.

® The field is primarily concerned with research at the interface of Chemistry
and Biology. But in practical sense it is largely focused on small molecules
as research tools and potential therapeutics. The crucial part of the work
in Chemical Biology is the design and synthesis of small molecules and
screening of these with bioassays by utilizing instrumentation of chemistry
and biology. It takes the helps of all established field in sciences and
biosciences including efficient methods for the synthesis of large numbers
of compounds, characterization tools, computational structure-activity
relationship, and high-throughput screening in bioassays. Thus the
chemical biology is important approach for combating disease such as
Cancer, Neurodegenerative diseases, Inflammation and many others.

® Thus, Chemical Biology-related research is strongly interdisciplinary and
contains elements from many scientific disciplines such as Medicinal
chemistry, Molecular biology, Pharmacology, Biophysical chemistry,
Biochemistry, Organic chemistry, Structural chemistry, Bioinformatics,
Proteomics, Genetics and more (Figure 2.1 and 2.2).

® Chemical biology may also be defined as the application of synthetic
chemical technigues and tools to the study and manipulation of biological
systems.

® Chemical biology is a scientific discipline spanning the fields of chemistry
and biology that involves the application of chemical techniques and tools,
often compounds produced through synthetic chemistry, to the study and
manipulation of biological systems.

® This is slightly different from biochemistry, which is classically defined as
the study of the chemistry of biomolecules. While, biochemists study
biomolecules, their three-dimensional structure, dynamics, functions and
the inhibition/ activation of enzymes/receptors with small organic
molecules, Chemical biologists attempt to utilize chemical principles to
modulate systems to either investigate the underlying biology or create
new function. Thus, Chemical Biology is often closer related to that of cell
biology than biochemistry. In short, biochemists deal with the chemistry of
biology, chemical biologists deal with chemistry applied to biology.
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Figure 2.1: Chemical biology takes the help of various research tools from other branches of sciences.

® Some forms of chemical biology attempt to answer biological questions by
directly probing living systems at the chemical level. In contrast to
research using biochemistry, genetics, or molecular biology, where
mutagenesis can provide a new version of the organism or cell of interest,
chemical biology studies sometime probe systems in vitro and in vivo with
small molecules that have been designed for a specific purpose or
identified on the basis of biochemical or cell-based screening.

® According to Schreiber’s Definition: Chemical biologists make both
small and large ‘small molecules’. They make them in tubes and cells, on
the surfaces of glass, in monolayers, and even on phage viruses, and they
use them to illuminate the principles that underlie life.

® To my understanding, Chemical Biology is the scientifically designed
chemical-molecular approach to investigate cellular principles at
molecular levels with the help of biochemical research tools.

® Systems of Interest of Chemical Biology:

Chemical Biology is driven by the fast expansion of scientific knowledge
and methods that has occurred during the last decades in areas such as
Molecular biology. Most importantly, recent mapping of the Human genome
has made it possible to open up the field of Proteomics. However, the fast
development in other areas including Bioinformatics and Structural biology

Joint initiative of 1ITs and 1ISc — Funded by MHRD Page 2 of 99



NPTEL — Chemistry — Bio-Organic Chemistry

has also had a great impact. In addition, the technical development in for
instance imaging, high-throughput screening (HTS) and Synthetic chemistry
has been important.

Research in Chemical Biology is made in many ways and includes studies
in for instance:

Proteomics

Glycobiology

Combinatorial chemistry

Molecular sensing

SiRNA-A tool in chemical biology

small molecules as probes of biology and medicine

Molecular and
Cell Biology _

Medicinal Chemistry

Biology

Figure 2.2: Relation between Chemical biology and other branches of sciences.

2.1.2. What is not Chemical Biology?

® Biochemistry
> chemistry of biological systems
> relatively few classes of reactions mediated by enzymes

Joint initiative of 1ITs and 1ISc — Funded by MHRD Page 3 of 99



NPTEL — Chemistry — Bio-Organic Chemistry

® Bio-organic Chemistry
» extension of organic chemistry toward biology
> e.g. synthesis of natural products

2.1.3. Some Basic Principles

® Chemoselectivity
> Biologically inherent (thiols)
» Exogenous via  promiscuous systems (azido  sugars,
azidohomoalanine)

® NMolecular Recognition
» Stereocomplementarity
> H-bonding
» Hydrophobic interactions

® Ultimately Everything Is Aqueous

® Probes, Diagnostics, and Drugs
» Tumor cell labeling
» Enzyme and metabolite tracking
» Catalysis
» Modern medicinal chemistry (inhibitor design) is essentially
chemical biology

® Different Drugs
» Antibody therapeutics
> Interference RNAs

® 21st Century Medicine
» Proteomics, and Glycobiology, Small molecular approach.

The Chemical Biology Approach

Genes =) RNA ==} Protein ==} Biosynthetic Pathway

l

Molecules

DNA Target &= == Protein Targets

o Vo ¥

CellularPathway

Figure 2.3: The approach of Chemical biology.
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2.1.4. Proteomics and Glycobiology

Proteomics

e Proteomics investigates the proteome, the set of expressed proteins at a
given time under defined conditions. Proteomics deals with rapid protein
identification and has developed into a biological assay for quantitative
analysis of complex protein samples by comparing protein changes in
differently perturbed systems. Current goals in proteomics include
determining protein sequences, abundance and any post-translational
modifications. Other interests are study of protein-protein interactions,
cellular distribution of proteins and understanding protein activity. Another
important aspect of proteomics is the advancement of technology to
achieve these goals.

e Within Chemical Biology-related Proteomics, both the structure and
function of the proteins are of importance as a protein may have
fundamentally different functions dependent on its three dimensional
structure. An example of when this can give clinical effects is the Mad
Cow Disease which is caused by a specific type of misfolded protein
called a prion.

e Chemical biologists are poised to impact proteomics through the
development of techniques, probes and assays with synthetic chemistry
for the characterization of protein samples of high complexity. These
approaches include the development of enrichment strategies, chemical
affinity tags and probes.

Glycobiology

e Glycobiology is the study of the structure, biological functions, and
biosynthesis, of saccharides presents in all living cells and are widely
distributed in nature with the help of organic chemistry, molecular and
cellular biology, enzymology and related domains.

e Sugars or saccharides are essential components of all living things and
aspects of the various different roles they play in biology are researched in
various different medical, biochemical and biotechnological fields.

e Sugars control and influence almost every aspect of the cellular processes
ranging from cell-cell interactions, energy intermediates, adhesion
mechanisms, growth factor signaling, blood clotting, receptor binding,
regulating the activity of hormones in the blood, directing embryonic
development, and serving structural roles. In this new light, the role of
sugars is being reconsidered with a new zeal to understand the working of
the intricate processes of life.
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Thus, glycobiology is an area of dense research for chemical biologists.
For instance, live cells can be supplied with synthetic variants of natural
sugars in order to probe the function of the sugars in vivo. Carolyn
Bertozzi at University of California, Berkeley has developed a method for
site-specifically reacting molecules the surface of cells that have been
labeled with synthetic sugars.

e Glycomics, analogous to Genomics and Proteomics, is the systematic
study of all glycan structures of a given cell type or organism and is a
subset of glycobiology.

e While DNA, RNA and Proteins are encoded at the genetic level, sugars or
glycans or glycoconjugates (Sugars linked with other types of biological
molecule, like: Glycoproteins; Proteoglycans; and Glycolipids) in the cell
are not encoded directly at any level.

e It is well established fact that simple sugars have their own complex
language, perhaps more complex than those of proteins and DNA. The
molecules continuously steer and guide many activities relevant to the
proper functioning of a cell. In fact, many proteins undergo post-
translational modifications to form conjugated molecules with sugar
(Glycoconjugates) to function properly. However, research in this field is
not growing at a fast space compared to those of other major
macromolecules, mostly because of the structural complexity of the
sugars. They are structurally so complex, can rival the size and complexity
of DNA and proteins. Furthermore, their complexity goes on increasing as
they come together to form a range of homo and hetero polymeric
compounds inside the cell, controlling and influencing a wide array of
functional mechanics.

e Fast Atom Bombardment (FAB) mass spectrometry is a powerful tool for
characterizing the complex carbohydrates. This technique can be coupled
with sensitive array detector technology to elucidate the structures of
glycans.

e The Scope of Glycomics Research: Growing understanding, knowledge,
and investigations reveal beyond doubt that the sugar molecules are not
mere decorative elements serving simply structural and energy
requirements in a cell. It is clear that their involvement in the intricate
design of life is far more crucial than that understood a few years ago.
Glycans are at the center of many disorders and diseases sparking the
possibility of exploiting them for therapeutic and diagnostic purposes.
There are many biochemical pathways and diseases in which glycans are
intricately involved. There are many ways in which sugars may affect
physiological conditions. What is yet unclear is how many of the possible
structures can be predicted by permutation and combination which
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actually exist in nature. Thus, investigating the structure is a subject of
great deal of research.

2.1.5. Goal of Chemical Biology

e In the postgenomic era it is major challenge to determine how proteins
function together in complex molecular systems to drive a diverse set of
cellular processes. Molecularly focused technologies that can probe and
manipulate protein function in a controlled manner can manage this great
job. Chemical Biology at its position at the interface between chemistry
and biology can provide a unique platform for the development of such a
molecular toolkit.

e Chemical Biology research is diverse. Main goal of Chemical Biology is to
synthesize molecules that can be used as tools to selectively and
reversibly modulate proteins.

e The synthesis of molecules to study extra- and intracellular signaling is
another aim of Chemical Biology as well as some aspects of Glycobiology
which is concerned with the study of different types of sugar molecules in
the cell. In Chemical Biology studies, synthetic variations of sugar
molecules can be used as tools for research.

e Another important branch of Chemical Biology uses endogenous
biomolecules to develop chemical processes and/or materials.

e Research in the field is often concerned with the understanding of
biological functions in the healthy individual as well as of the pathological
mechanisms related to disease conditions including cancer,
neurodegenerative disorders, renal and pulmonary dysfunctions and
metabolic disorders.

e The field is therefore important for the generation of knowledge and tools
for basic science as well as for the study of disease mechanisms. For
many diseases, it is also important for the production of countermeasures
and preventive actions.

e Small Molecule Approach: Building of library of bioactive small
molecules is an example of Chemical Biology research. Recent research
of small molecule approach to Chemical Biology includes:

e The study of the different subtypes of Adenosine receptors reported
by Jacobson et al., and their agonists and antagonists (activators
and blockers).

e Adenosine receptors are known or suspected to be involved in
multiple diseases and conditions including Inflammation, Endocrine
disorders, Cancer, Vision disorders, Renal disorders, Pulmonary
disorders, Dementia, Anxiety, Pain, Parkinson’s disease, Sleep
disorders and Ischaemia. It is therefore clear that molecular tools to
reversibly and selectively manipulate the functions of different
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subtypes of receptors involved in the conditions may have the
potential to become useful tools in the research and also in some
cases useful therapeutics.

e Research also emphasized on the manipulation of receptors and
reengineer the binding sites on the receptors is the target of
chemical biologists. This type of approach could lead to insights
into the accuracy of G-protein coupled receptor modeling, signaling
pathways, and not least, the design of small molecules to be able to
rescue disease-related mutations and do small-molecule directed
gene therapy.

e The combination of tailoring of small molecules and their protein
targets is therefore of special interest.

e Naturally occurring small molecules called natural products or their
derivatives encampus a substantial fraction of the current
pharmacopeia. Understanding the relationship of protein targets of
natural products to heritable disease genes by comparing the
biological functional connections between genes and gene
products, e.g., protein/protein interactions (network connectivities)
of these targets and genes will lead to the drug discovery for
disease treatment at protein level. By determining whether natural
products are intrinsically suited for targeting disease genes and
whether their enrichment among current drugs reflects a historical
focus or special properties intrinsic to these molecules. Prof. Stuart
L. Schreiber is working in a data-driven way, to discover whether or
not the propensity of natural products for interaction with biological
targets is an advantage for probe or drug discovery directed at the
genes determined to be causal for human disease.

e They are successful in identifying natural product targets and
evaluating a database of natural products and targets from
GVKBIio. They have standardized 5581 target names and species
to human proteins, as either direct natural product targets or
orthologous human target proteins, and mapped these targets to
946 human proteins with connections in STRING. For human
disease genes, they combined 3655 genes contained in the OMIM
Morbid Map with 1580 genes from a genome-wide association
study SNP database and mapped these to 2681 human proteins
with connections in STRING.

Joint initiative of 1ITs and lISc — Funded by MHRD Page 8 of 99



NPTEL — Chemistry — Bio-Organic Chemistry

percentage of proteins

“Biological Network” between the Natural Products and Disease Genes
100 100
| (a) % ool ()
| -so - e R ———— Bu M

.‘,
=]

—

=]

8 8

=
=]

percentage of proteins (cumulative)
8 & & 8 38

percentage of proteins (cumulative)

30 1
20 Il :/'human proteins 1 | natural product targets

""" B hurnan disease genes Bl database
10 B natural product targets 10 [T manuallyselected

i i T T . T T 1 i I i i i i
15 615 1650 51+ R 5 10 20 50 100 200 o
. : 1 2 5 10 20 50 100 200
number of connections per protein number of connections per protein number of connections per protein

{(a}) Connectivity of Different Protein Groups; (b) Cumulative connectivity distributions; {c} Comparison of cumulative
connectivity distributions: Manually Selected Natural Products vs. Natural Products Database.

Grouped Natural Products Accordingto Connectivity Associated withthe Target

| |
| 15 Connections i I 6-15 Connections
i ' |
i N N
| o Ay | :
o - |
Hzﬂ OH S (o] N E g
o ,k(o |
= SN
,,L\HN u; Ohc | P H
)——' I ! & N nicotine
Myriocin o HN" ™0 | = H
p NI 5 =
Y\ 0 2
| o o
cyclosporlne | o
| = :j |
: 8 ™~ |
16-50 Connections | ., < i 51+ Connections
=1 =
=
R
3 ¢ o MN._0
= 2
0 A
E )
g ot
= N H 1
£ HO OH ingenol
=
~ MeO

spongistatin

Figure 2.4: The small molecular approach of Chemical biology.

e Schreiber’s results indicate that targets of natural products are
highly connected, more than genes connected to human disease.
This finding indicates that targeting at protein level is much more
beneficial than at gene level for diagnostic.

e Many natural products act as basic defense mechanisms against
invaders in the absence of tissue specialization or an advanced
immune response leading to the death of the invading organism.
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Therefore, the highly connected proteins can be targeted by natural
products which will interrupt the activities of essential protein of the
invader. Therefore the ultimate goal of chemical biology remains in
the development of library of small natural molecules to target the
root cause of the diseases and thus the treatment of all the
heritable diseases can better way be done.

2.1.6. Manipulation of Biological Activity with Small Molecule:

In the postgenomic era it is major challenge to determine how proteins function
together in complex molecular systems to drive a diverse set of cellular
processes. Molecularly focused technologies that can probe and manipulate
protein function in a controlled manner can manage this great job. Chemical
Biology at its position at the interface between chemistry and biology can provide
a unique platform for the development of such a molecular toolkit.

Due to the fundamental importance of transcriptional regulation in biological
systems, small-molecule mimetic that promote exogenous control over
transcription represent extremely valuable tools. Such study was reported by Jin
Zhang et al., and Helen E. Blackwell et al.

Joint initiative of 1ITs and lISc — Funded by MHRD Page 10 of 99



NPTEL — Chemistry — Bio-Organic Chemistry

Manipulation of Biological Activity with Small Molecule
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Figure 2.5: Manipulation of biological activity with small molecules.
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2.1.7. Recent Advancement and Future Prospect of Chemical
Biology:

Recent Advancement of Chemical Biology through Several Approaches

1. Directed Development of Transition State (T'Sy Analogs:

*  Geometric and electrostatic potential mapping of enzymatic transition states by the use of several possible
techniques of Chemistry, biology and computaion will allow ug degign transition state analogues molecules
which will provide a wealth of enezyme inbitors drugs for arresting the enezyme related with diseases.
Several of such inhibitors are in clinical trials or in preclinical development methods. Thus designing small
molecules mhibitors is the fruitful approach for the drug development.

2. ATFRET-Based Strategy to Monitor Kinases Activity:

+  The activity assays on kinases based on FRET reporters as was reported by Allen, M. D. may find
imimediate application in high-throughput screening of small molecules drugs. It will also help in probing
of multiple physiological and pharmacological events at subcellular locations in living cells in chemical
and functional genomics studies. Thus, bridging of high-throughput technology with dynamic live-cell
activity measurement can laid a establishment of mechanistic studies and versatile diug discovery
processes targeting protein kinages.
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3. Photoswitchable Gate: Remote Control of Receptor Activity:

*+  Neurons have voltage-gated, ligands-gated. and temperature-gated ion channels but not light-gated ion
channel. Recently a structure-based design of a new chemical gate was developed by Isacoff ef al. that
present light sensitivity to an ion channel. The gate includes a functional group for selective binding of a
Shaker K* ion channel, a pore blocker and a photoisomerizable azobenzene linker. Light induced Trans-Cis
isomerization of azobenbenzene linker allowed the photoswitchable gate to switch potential on and off.
This strategy was used to control the activity of the Shaker potassium ion channel and ionotropic
neurotransimitter receptors in a variety of systems, including zebrafish. The Advancement of such
photoswitchable ion channel gate will allow allow rapid, precise and reversible control over neuronal
firing. These will find potential applications for controlling the activity of such receptors and designing the
potent molecules for future drug design targeting receptor.

Figure 2.6: Recent advancement of chemical biology.
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The studies reported till the date accentuate the great impact of chemical
biology to the study and modulate the biology and future scope of research at the
interface of chemistry and biology.

Exploring the many existing small biological compounds and designing
several enzyme inhibitors will also provide essential mechanistic probes and new
candidates for drug discovery. Thus, many of such molecules showed and will
continue to show the capability of targeting to an entire proteome. Also, the
development of robust chemical/bio-chemical tools to probe and to investigate
cellular principles at molecular levels will be of great achievement toward the
success of conceptual approach, the Chemical Biology and thus, will facilitate the
development of new therapeutics for treatment of diseases.

2.2. Amino Acids and their Asymmetric Synthesis

2.2.1. Introduction
® Amino acids are building blocks of proteins.

® Proteins are composed of 20 different amino acid (encoded by standard
genetic code, construct proteins in all species).

® Their molecules containing both amino and carboxyl groups attached to
the same a-carbon

® 19 are 1°-amines, 1 (proline) is a 2°-amine
® 19 amino acids are “chiral” and 1 (glycine) is achiral (R=H)

® The configuration of the “natural” amino acids is L (L-a-amino acids).

COOH COOH
CHO CHO COCH COOH HoN H HoN
fon Ho=f+ b P v e e H
CH,OH CH,OH R :'\: CHj CH,CHs CHj
D-Glyceraldehyde L-Glyceraldehyde —oAmMi i L-Alanine L-Isoleucine L-Theronin
y y Y/ y L-a-Amino Acid (25) (25.35) (25,3R)

® Their chemical structure influences three dimensional structures of
proteins.

® They are important intermediates in metabolism (porphyrins, purines,
pyrimidines, creatin, urea etc).

® They can have hormonal and catalytic function.

® Several genetic disorders are cause in amino acid metabolism errors
(aminoaciduria - presence of amino acids in urine)
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2.2.2. The Basic Structure of Amino Acids
® |t differs only in the structure of the side chain (R-group).

® | -isomer is normally found in proteins.

R-Group/Side Chain

o ™~

a-Carbon

Carboxyl
Group

L-Isomer

2.2.3. Nonionic and Zwitterionic Forms (Dipolar Structure) of
Amino Acids

® Zwitterion = in German for hybrid ion
® The zwitterion predominates at neutral pH

® |[soelectric point (pl): pH at which the amino acid exists in a neutral,
zwitterionic form (influenced by the nature of the side chain).

® At acidic pH, the carboxyl group is protonated and the amino acid is in the
cationic form

® At neutral pH, the carboxyl group is deprotonated but the amino group is
protonated. The net charge is zero; such ions are called Zwitterions

® At alkaline pH, the amino group is neutral —NH, and the amino acids are in
the anionic form.
COOH
H2N—|—H
R
L-a-Amino Acid

I

o COOH H30" ® COO HO® coo
H3N—|—H o m— H3N+H _— H2N—|—H + Hz0"
R pKay R pKa, R
At low pH--act as At high pH--act as
Week base Week acid

® Amino Acids Carry a Net Charge of Zero at a Specific pH
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+Zwitterions predominate at pH values between the pA, values
of amino and carboxyl group

*For amino acid without ionizable side chains, the Isoelectric

Point (equivalence point, pl) is:

PK, +pK,
=1 =
P 2

+ At this point, the net charge is zero
— AA is least soluble in water

— AA does not migrate in electric field

® Amino acids have characteristic titration curves:

Proton  Proton

donor

At the midpoint — pK=9.60
and proton acceptor

~ Fullv O oner acceptor
form at wery low pH
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® Henderson/Hasselbach equation and pK,

Protonated form Unprotonated form (conjugate bage)

HA —— H*%+ A"

AT
! [HA]
. [HA]
[H'] =K, x :
[A7]
. ) [HA]
-log[H'] = -log K, -log————
[A]
- [A]
pH = pK, + logm
® Amino Acids Can Act as Buffers
NH, NH, NH,
| pPK, | pK. |
CH, _ CH, = ClHZ
COOH CO00~ CO00~
1. Amino acids with uncharged
side-chains, such as glycine, have
two pA, values:
= The pk, of the oa-carboxyl i
sroupis 2.34 i
)
* The pK, of the o-amino|/PH T pl = 5-97E il
groupis 9.6 i ' A
- pK, =234 i .
2. Thus, it can act as a buffer in two L ! B
pHregimes. || be—eeo : 1
1 I
i i -
1 )
0 1 1
0 0.5 1 1.5 2

OH~ (equivalents)
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e Side-chain lonization and The pl

How to calculate the pI when <oon <o < %
. I . n,u—cln u,n—cln n,N—cln N,N—CIH
the side-chainis ionizable? My My My .
C—N, C € —i c—N,
. . . CH CH CH P
* Identify species that carries a net H—g’ L g W= !c!—u A !c!—n'
zero charge +2 +1 0 .
. . K, =
« Identify pK, value that defines the || 10 "stidine oy -
acid strength of this zwitterion: s} !
¢ pPKg =
(PkKy) 6.0
PH 6 [ T e e e e 1
* Identify pK, value that defines the
. . . 4 P 1
base strength of this zwitterion: pK, =
; ol 182 |
(pAR) ------ '
* Take the average of these two pk, 0 —T 5 =
values OH™ (equivalents)

2.2.4. Classification of Amino Acids

Amino acids are generally divided into groups on the basis of their side
chains (R groups). The most helpful start-point is to separate amino acids
into:

Classification of Ammino Acids

}

hareed % P'ﬂa; Ne“gal W3 Polar @h.-a_r--g'-c'cll
(Uncharged, €5 el WS d eI Ehainses
Hydrophobic) Side Hydrophilic) Side I
Chain Chain
(a) Positively .
Chargeé‘l Charged (2 !—
weldlsSBaS— 4\ (idicAA
A
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2.2.4.A. Amino Acids with Nonpolar Neutral (Uncharged,
Hydrophobic) Side Chain:

& Only carbon and hydrogen in their side chains.

& Generally unreactive but hydrophobic.

& Determining the 3-D structure of proteins (they tend to cluster on the
inside of the molecule).

& The simplest amino acid is Glycine, which has a single hydrogen atom as
its side chain.

< Alanine, Valine, Leucine and Isoleucine have saturated hydrocarbon R
groups (i.e. they only have hydrogen and carbon linked by single covalent
bonds). Leucine and Isoleucine are isomers of each other.

& The side chain of Methionine includes a sulfur atom but remains
hydrophobic in nature.

& Phenylalanine is Alanine with an extra benzene (sometimes called a
Phenyl) group on the end. Phenylalanine is highly hydrophobic and is
found buried within globular proteins.

& Tryptophan is highly hydrophobic and tends to be found immersed inside
globular proteins. Structurally related to Alanine, but with a two ring
(bicyclic) indole group added in place of the single aromatic ring found in
Phenylalanine. The presence of the nitrogen group makes Tryptophan a
little less hydrophobic than Phenylalanine.

& Proline is uniqgue amongst the amino acids — its side chain is bonded to
the backbone nitrogen as well as to the a-carbon. Because of this proline
is technically an imino rather than an amino acid. The ring is not reactive,
but it does restrict the geometry of the backbone chain in any protein
where it is present.

I. Amino Acids with Uncharged Hydrophobic Side Chain

J\[pl{a=2.33] Ipl{a=2.2?] ﬁp}{a: 2.26)
HsN COOH HaN COOH (pKa = 2.32)

H,N™ "COOH
(pKa =9.71) {pKa = 9.52) (pKa =29.501 HoN“ ™COOH
(pKa = 9.58)
(S){+)-Alanine (S)-(+)-Valine 25, 3S){+)-Isoleucine (S)- [+} Leucme
Ala Val lle
L < <
5
(j\(m{a = 1,95)
(pKa = 2.16) N (pKa = 2.18) (pKa = 2.38)
H,N* ™COOH H COOH COOH COOH
(pKa=9.08) (pKa=10.47) EDKﬁ 9 09) tpKa 9 34)
($)-(+)-Methionine (S)-(-)-Proline (S)-(-)-Phenylalanine ($)-{-)-Tryptophan
Met Pro Phe Trp

& & W =Aromatic Amino Acids

Figure 2.7: Structures of amino acids with uncharged hydrophobic side chain.
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2.2.4B. Amino Acids with Polar N

Hydrophilic) Side Chain:

eutral (Uncharged,

» Tyrosine is Phenylalanine with an extra hydroxyl (-OH) group attached. It

is polar and very weakly acidic. Tyrosine can play an important catalytic
role in the active site of some enzymes. Reversible phosphorylation of —
OH group in some enzymes is important in the regulation of metabolic
pathways.

Serine and Threonine play important role in enzymes which regulate
phosphorylation and energy metabolism.

Cysteine has sulfur-containing side group.The group has the potential to
be more reactive.lt is not very polar.Cysteine is most important for its
ability to link to another cysteine via the sulfur atoms to form a covalent
disulfide bridge, important in the formation and maintenance of the tertiary
(folded) structure in many proteins.

» Asparagine and Glutamine are the amide derivatives of Aspartate

(Aspartic acid) and Glutamate (Glutamic acid) - see below. They cannot
be ionised and are therefore uncharged.

I1. Amino Acids with Uncharged Hydrophilic (Polar)
Side Chain
OH
Ka=10.10
O OH (pKa )
(pKa =2.34) /QJK'@ =213 Ipl{a =2.20) (pKa=2.24)
HN*"™COOH H.N QOH H,N*"™COOH H,N*" ™COOH
(pKa = 9.58) (pKa = 9.09) (pKa = 8.96) (pKa = 9.04)
Glycine (S)-(-)-Serine (25,3R)-(-)-Threonine (S)-(-)-Tyrosine
Gly Ser Thr Tyr
& 3 <& L~
0
|O HsN -
Ka=8.14
SH (pKa ) NH,
(pKa=1.91) (pKa = 2.16) (pKa =2.18)
HaN OOH HaN O0OH HaN COOH
{pKa = 10.28) {pKa = 8.76) (pKa = 9.00)
(R){-)-Cysteine (5){-)-Asparagine (S)-(+)-Glutamine
Cys Asn Gln
L LY <
& =Aromatic Amino Acids
Figure 2.8: Structures of amino acids with uncharged hydrophilic side chain.

Joint initiative of 1ITs and 1ISc — Funded by MHRD
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2.2.4.C. Amino Acids with Charged Side Chain:

(a) Positively Charged R Groups

» Lysine and Arginine both have pKs around 10.0 and are therefore always

positively charged at neutral pH.

» With a pK of 6.5, Histidine can be uncharged or positively charged

depending upon its local environment.

» Histidine has an important role in the catalytic mechanism of enzymes and

explains why it is often found in the active site.

(b) Negatively (Nonpolar) Charged R Groups:

» Two amino acids with negatively charged (i.e. acidic) side chains -

Aspartate (Aspartic acid) and Glutamate (Glutamic acid).

» These amino acids confer a negative charge on the proteins of which they

are part.

ITI. Amino Acids with Charged Side Chain

ITTA. Amino Acids with Positively Charged Side Chain

&
(pKa =10.6T)HsN

(pKa = 2.15)

0.2 0 (pKa=4.15
R,

(Basic AA)
&
H,N \?NHZ (pKa =12.10)
NH
N=
:_.\NH (pKa = 6.04)
(pKa = 2.03) Jj:;{; 1.70)
H,N™ ~COOH H,N™ “COOH
(pKa =9.00) (pKa =9.09) (pKa = 9.16)
(S)H{+)-Arginine (5)-(-)-Histidine
Arg His
£ <
ITIA. Amino Acids with Negatively Charged Side Chain
(Acidic AA)
Og (pKa=371)
o
(pKa = 1.95)
H,N™ “COOH HzN
(pKa = 9.66) (pKa = 9.58)
[ 5)-|+)-As partic Acid (5)4+)-Glutamic Acid
Asp Glu
& &

Figure 2.9: Structures of amino acids with charged side chain.
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2.2.4.D. "Special" 21° and 22" Amino Acids:

IV.“Special” 215t & 224 Amino Acids

21+t AA-Codes "UGA" opal 2211 AA-Codes "UGA" opal 0 CHs
(or umber) stop codon (or umber) stop codon HNJ\O

SeH (pKa =5.73)
/E[pl{a =1.90)
H.N" ™~COOH HaN

(pKa = 10.00) 2 COOH
(5)-Selenocysteine (S)-Pyrrolysine
Sec Pyl
L' "

Figure 2.10: Structures of 21% and 22" natural amino acids

2.2.4.E. Classification Based on Chemical Constitution

1. Small amino acids:— Glycine, Alanine

2. Branched amino acids:- Valine, Leucine, Isoleucine

3. Hydroxy amino acids (-OH group):— Serine, Threonine

4. Sulfur amino acids:— Cysteine, Methionine

5. Aromatic amino acids:— Phenylalanine, Tyrosine, Tryptophan

6. Acidic amino acids and their derivatives:— Aspartate, Asparagine,
Glutamate, Glutamine

7. Basic amino acids:— Lysine, Arginine, Histidine

8. Imino acid:- Proline

9. Special/Newly Added amino acids:- Pyrrolysine, Selenocysteine

2.2.5. Essential Amino Acids in Humans

* Required in diet

*  Humans incapable of forming requisite carbon skeleton

Arginine* Lysine
Histidine* Methionine
Isoleucine Threonine
Leucine Phenylalanine
Valine Tryptophan

* Essential in children. not in adults

Joint initiative of 1ITs and 1ISc — Funded by MHRD
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2.2.6. Non-Essential Amino Acids in Humans

*

Not required in diet

Can be formed from ¢-keto acids by transamination and
subsequent reactions

Alanine
Asparagine
Aspartate

Glycine
Proline
Serine

* Fssential amino acids

2.2.7. The Stereochemistry of Amino Acids

Joint initiative of 1ITs and 1ISc — Funded by MHRD

— _—
Mitror Mirror
Hand Molecule Fiiisisi
Image mage
Asymmetric

Carbon Atoms
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2.2.7.A. The Two Stereoisomers of Alanine

» o-—cartbon is a chiral
center.
» Two stereoisomers are
called enantiomers.
(a) D-Alanine
Coo CO0~ The solid wedge-shaped
HoN—C—H H— C —NH, bonds project out of the plane
CHJ CH; of paper, the dashed bonds
(b) L-Alanine p-Alanine behind it.
C00~ co0~ - -
.| &% The horizontal bonds project
H3N—(|)—H H—G—NH, out of the plane of paper, the
CH, CHs vertical bonds behind.
(e) L-Alanine D-Alanine

2.2.7.B. Stereoisomers of Threonine

L-Amino Acids D-Amino Acids
Cco@ l co@ CcOO l ! COO
N=p—H oN=t—H H==N H=t—=N
-1 HO——H H—OH
CHs CHs CHs CHs
L-Theronine ' L-allo-Theronine D-Theronine 'D-allo-Theronine

Changed to allo- Changed to allo-

Optical Activity Measured at pH 7.0
(+)-dextrorotatary (Ala, lle, Glu, etc.)
(-)-levorotatory (Trp, Leu, Phe)
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2.2.8. Uncommon Amino Acids Found in Proteins

»# Notincorporated by ribosomes
»  Arise by post-translational modifications of proteins

» Reversible modifications, especially phosphorylation is important in
regulation and signaling

0 (¢) CHs (0]
L €] L n 1 €] L n o
O-E-O—CHZ—?H—COO O-IID-O-CH —?H—COO o-}?-o CHz—(I:H—COO
e} (%IH3 -0 (%IH3 e gH:%
Phosphoserine Phosphothreonine Phosphotyrosine
HaN o O\\ o
®//C-NH —CH2—CH2—CH2—(I:H—COO C=NH —CHZ—CHZ—CHZ—CHZ—(I:H—COO
H’i‘ (%‘H'o‘ HaC gHg
CH
E o-N-Methylarginine 6-N-Acetyllysine
S}
@NH3—CH2—(I:H2—CH2—CHZ—(I:H—COO H3;C==NHz==CH,==CH,==CH,==CH,==CH==COO
NH
OH &IH3 N
5-Hydroxylysine 6-N-Methyllysine
NH
N
N/
N\l
NI
I o NT g o
L}
H3C—O—C—CH2—CH2—(I:H—COO 0 O—E’-O-@—CHZ—(IZH—COO
e}
NH
é\|H3 N
Glutamate methyl ester QH_COH Adenylyltyrosine
@ o
H3N(_COO
3 @
o (cod HO=CH —CH, HeN (H2C)s NH,
_ o
- — _— —_—CH— - H,C CH )
O=C=CH3=CH, cl:H COO0 @N cob eooc>—( 2C)2 :9 | ( 2)2_<coo
NH N
® ° H H N
y-Carboxyglutamate 4-Hydroxyproline Desmosine  (CH2)s
® )
HsN  COO
© €]
@NHg—CHz—CHz—CHZ—(I:H—COO HZN—(':I-NH —CHZ—CHZ—CHZ—(I:H—COO
NH (e}
® 3 §Hs
Ornithine =3 Intermediates of biosynthesis of Arginin and in Urea cycle -s=— Citrulline

Figure 2.11: Structures of uncommon amino acids (post translational modification).
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2.2.9. The Genetic Code:

DNA-Amino Acid Dictionary

polar basic acidic (stop codon)
nonpolar
2nd base
T C A G

TTT | (Phe/F) Phenvlalanine | TCT | (Ser/S) Serine |TAT (Tyr/Y) Ivrosine TGT (Cys/C) Cvysteine
T TTC | (Phe/F) Phenylalanine (TCC | (Ser/S) Serine |TAC (Tyr/Y) Tyrosine TGC (Cys/C) Cysteine

TTA (Leu/L) Leucine TCA | (Ser/S)Serine [TAA Ochre (Si0p) TGA Opal (Stop)

TTG (Leu/L) Leucine TCG | (Ser/S)Serine |TAG Amber (Stop) TGG | (Trp/W) Irvptophan

CTT (Leu/L) Leucine CCT | (Pro/P) Proline [CAT (His/H) Histidine CGT | (ArgR)Arcinine

CTC (Leu/L) Leucine CCC | (Pro/P)Proline |[CAC| (His/H) Histidine CGC| (Arg/R)Arginine
C CTA (Leu/L) Leucine CCA | (Pro/P)Proline |[CAA| (GIn/Q) Glutamine |CGA| (Arg/R)Arginine

CTG (Leu/L) Leucine CCG | (Pro/P)Proline |[CAG| (GIn/Q)Glutamine |CGG | (Arg/R)Arginine

Lstbase| | ypp (Tle/T) Isoleucine | ACT [(The/T) Threonine|AAT | (Asn/N)Asparagine |AGT (Ser/S) Serine

A ATC (Ile/T) Isoleucine ACC (Thr/T) Threonine AAC| (Asn/N)Asparagine [(AGC (Ser/8) Serine

ATA (Ile/T) Isoleucine ACA (Thr/T) ThreonineAAA (Lys/K) Lysine AGA | (ArgR)Arginine

ATG21| (Met/M) Methionine |ACG (Thr/T) Threonine|AAG (Lys/K) Lysine AGG | (ArgR)Arginine

GTT (Val'V) Valine GCT | (Ala/A) Alanine |GAT| (Asp/D)Aspartic acid |GGT | (Gly/G) Glvcine

GTC (Val/V) Valine GCC | (Ala/A) Alanine |[GAC| (Asp/D)Aspartic acid |GGC (Gly/G) Glycine
G GTA (Val'V) Valine GCA | (Ala/A) Alanine |[GAA| (GIWE) Glutamic acid |GGA (Gly/G) Glycine

GTG (Val'V) Valine GCG | (Ala/A) Alanine GAG| (GIwE) Glutamic acid (GGG (Gly/G) Glycine

A1 The codon ATG both codes for methionine and serves as an initiation site: the first ATG in an DNA's
coding region is where translation into protein begins. 21" AA_ Selenocysteine, codes "UGA" opal (or
umber) stop codon and22™ AA, Pyrrolysine, Codes “GUA" amber stop codon

Joint initiative of 1ITs and 1ISc — Funded by MHRD
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2.2.10. Synthesis of a-Amino Acids

New unnatural amino acids with altered properties

» new therapeutics (lead compounds)
» mechanistic probes

>
Hojg/\rCOZH
HO NH,

L-DOPA

2.2.10.A. Traditional Synthesis of a-Amino Acids

Traditional Amino Acid Syntheses

R=CH,—COOH
BrzlpBrg

s NaNs T
R=CH —COOH ~———— R=CH —COOH = —CH —cooH
PPhs NHs KOH/H,0
or
Hy, Pd-C -

R=CH =—COOH
a-Amino Acid

2.2.10.B. Strecker and Other Methods of Synthesis of

Acids

Joint initiative of 1ITs and lISc — Funded by MHRD

Strecker Synthesis
(6] HOOC NH,
n NH,CI ©NH, cN NC, NH; H3O®
Rm==CH  —- — >< ——
kne  |RTC=H R” “H AN
a-Amino Acid
Amidomalonate Synthesis
e @ @ NH
AcHN COEt  EO Na AcHN CO,Et HsO HOOC, 2
>< — —
H CO,Et  RCHoX RH,C CO,Et -CO, HCR™ H
a-Amino Acid
Reductive Amination
o ® HOOC, ,NH,
N NH,CI NH, H,, Pd-C ><
R=C=COOH —
R=C=—COOH R H
a-Amino Acid

a-Amino
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2.2.10.C. Azalactone Synthesis of a-Amino Acids

o o )

© A0 I)J\oe '/( a0 v
(o] (excess) — O —
® N, > HN \fo N§<

azlactone
o o
RCH
= RCH,X 2 6 H_ NHA H NH,
(o) % — § 4
N§< \( : RCHy” “CO,H RCH;~ ~COH

Azlactone Synthesis

N§< RCHO N§< N§<

azlactone
CO,H 1) Hp, Pd/C e
Hz0 RT _— Aot
—_— RCHyZ COH
NHAc 2) H0

These all the above methods of amino acid synthesis are racemic
syntheses!!!

» So, the two enantiomers need to be separated.

» Resolution: separation of enantiomers.

2.2.10.D. Resolution Method to the Synthesis of Asymmetric a-
Amino Acids

Resolution of Receimic N e
Modification ch{c\oo,ru

N (-)-sparteine
(chiral base)

H NH, () ®
+ C\
Ron oy AoHZ oo,

Z=XI
ZemT

Diasteromeric salts G
0
l H’o (separate) l“’
@
" ""’e HN, H
AoHy Nco k)
2 RCH” \002
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2.2.11. Asymmetric Synthesis of Amino Acids

2.2.11.A. Asymmetric Synthesis of Amino Acids: Use of Rh-

Catalyst
| Asymmetric Synthesis of Amino Acids |
HESH
n—}—{:NHAc
HI_H HECO-8 pro-chiral
} £ -
H
L s HOLC. NHAC  AcHN. CO:M
/\ C ] ./ NP,
R ‘ NHAc H3 R R H
I pro S-face pro R-face
e H o CoH
n—,._f" =aNHAC
H H
H2,Pd/C - heterogeneous catalysis
H2, (Ph3P)3RhCI (Wilkinson’s catalyst)- homogeneous catalysis
DIPAMP BINAP
oSO Rh(l)L* H2 = COH
| ] HN.__Ph HN.__Ph
P; CO H s \cI>r (95%ee) O
OMe PP": "’”"Rh“““
McOE PPh, = (:, ~c "~
o CUT T W= -
0 O = O,
[} — HO
\— oH L-DOPA
o=
Br; }\A” Br
R-CH,CO,H —* RCH Br ? F“—ﬁ—mz"'
PBI'3
Br—8r
-
S H” sH
- g
£ =
Brier H CO:H
Fd
|
H oo
A |/ Br
Y
I\"“ Br—Br
e Hz Rl‘:‘aéJH
L =
H H
Hﬂ. ’Br NaN3 N, ’H HaN, ’H
_Co e _t — = '_,b\“
R COH sy2 R g COH R” ¢ "CORH
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2.2.11.B. Asymmetric Synthesis of Amino Acids: Use of Chiral
Auxiliaries

Asymmetric Synthesis of AA: Use of Chiral Auxiliaries

[e]
HN o —> HN OH
\/ \_/
Ph— Ph—
(o]

@
o,
o o O o ?
@ S )k H\)LNJ\O 1LDA R\)\N*O
H\)J\ N o
a+r NP —— N \J
§ & §
§|:||-| \Ph \Fh
o o o © 1) LiOH o)
A KA e a A e e L
B} Ny ‘:?\_! ﬁHz
&
~95:5 \Ph \Ph D- amino acids
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2.3. Chemistry of Peptide Bonds

® “Peptides” are small condensation products of amino acids
® They are “small” compared to proteins (di, tri, tetra... oligo-).
® C=N double bond character due to the resonance structure

o

Restricted rotations about C=N resists hydrolysis

R' H R?
H

"\

[}
o | 1w G
H;N—CH—(ltl—OH +H—N—CH—coo || ~N N

H

Amino Acid1 O Amino Acid 2

H,0 4#’ H;0 Amide BondIReson ance

Peptide Bond

R H R? '
N cI C I\II é co00- PP
e - \l)\"’\n’ ~
0o Dipeptide H 0o

2.3.1. Reading the AA in a Peptide Chain
e By convention, peptide sequences are written left to right from the N-
terminus to the C-terminus.

Numbering starts from the amino terminus

AA, AA, AA, AA, AA;
(Ser) (Gly) (Tvr) (Ala) (Val)
OH

CH, CH,
A
\CH
|
CH,OH |-|| |? H CIHz H CIH3 : CIH2
+
H;N—C—C—N—C—C—N—C—C—N—C—C—N—C—CO00"~
| Il Il (| |l |
(o) H O H O H O H
Amino- Carboxyl-
terminal end terminal end

2.3.2. Naming a Peptide Sequence
1. Naming starts from the N-terminus

2. Sequence is written as: Ala-Glu-Gly-Lys
3. Sometimes the one-letter code is used: AEGK
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Ala

Glu

Gly

CO00~

N-=terminus

Lys CH—CHz—'CHz—CHz—CHz—'NH3
C=terminus

2.3.3. Peptides: A Variety of Functions

* Hormones and pheromones

Neuropeptides

» insulin (think sugar) » substance P (pain
» oxytocin (think mediator)
childbirth)
»> sex-peptide (think fruit
fly mating)
* Antibiotics * Protection, e.g. toxins
» polymyxin B [for Gram » amanitin
(-) bacteria] (mushrooms)
» bacitracin [for Gram (+) » conotoxin (cone
bacteria] snails)

» chlorotoxin
(scorpions)

Joint initiative of 1ITs and 1ISc — Funded by MHRD
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Antibiotics:
Tachikinin;
Gramicidine S

Immune Peptides:
Synthetic Antigens;
Vaccines;
Muramyl Dipeptide

synthetie
peptidesw
Transporter Peptides:
Penetratin; HIV-Tat
Protein etc.

Carrier Peptides: Neuropeptides:

Miniproteins Substance P;
Cholecystokinin;

- Neurotensin

Structural Peptides:
Turn Mimicking
Peptides

Enzymes and
Enzyme Inhibitors:
.~ Ribonuclease A"

."J_.\ -

Spider toxins;
Snake toxins;
lon Chanel Blockers

Figure 2.12: Schematic presentation to show a variety of applications of peptides.

2.3.4. Peptide Coupling: Need for Protecting Groups

peptide
+ coupling
P,.-.N/H(OH N O o >

Peptide Coupling: Need for Protecting Groups
WP
"N " OP,
H H

Ala - vVal

H o )
Ala val
(0] peptide
selectively ﬂ \)I\ coupling
remove Pp, HoN Y 0P (-H20)
[ o = e
AN Ph
A(’g:x)a' Pn.Nln,OH
H o
Phe (F)
Repeat
EE— peptide synthesis

0 _~AQ

(A-V)

Joint initiative of 1ITs and 1ISc — Funded by MHRD
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2.3.5. The Protecting Groups

O Ph

C-Protecting Groups

o o
o~en adhoNen RJLOJV removed with mild acid

? insoluble solid support

fluorenylmethylcarbamoyl
FM

‘ot
& )

removed with mild base

benzyl (bn) benzhydryl thutyl
w0 ~wE-Q)
N-Protecting Groups
o o]
J\O'JLQH Ph OJL N
o 0
tert-butylcarbamoyl benzyloxycarbamoyl
(+-BOC) (cBz)
o o i
—|—o—<'5—o—<'5—o—|— PhAo’le
) removed with
rer;%e:av:m mild acid or by
hydrogenolysis

2.3.6. Solid-Phase Peptide Synthesis (SPPS)

® Peptides up to ~ 100 amino acids can be synthesized in a laboratory

® | aboratory synthesis is from the C-terminus to the N-terminus

® Nature synthesizes peptides from N to C.

Joint initiative of 1ITs and 1ISc — Funded by MHRD
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Solid-Phase Peptide Synthesis (SPPS)

h¢ T
R*0 RO
C=NH-CH-C-NH-CH-C-0

M-Protected Dipeptide with
Solid Support (Resin)

RO
C=NH-CH-C-0OH Deprotection
M-Protected Amino Acid l
Activationl YF|‘2 ? ;1 ?
NH; CH-C-NH-CH-C-O
;3 0 MDeprotected Dipeptide with

(] Solid Support (Resin)
 NH-CH-C—-H
MProtected-CActivated
Amino Acid

Peptide lCoupling

Protected Peptide Chain

Linker Solid
Support

Y Amino Acid Side Chain Protecting Group
(= a-Amine Protecting Group
=l Acid Activating Group

| sotia support (Resin)

Highlighted Newly formed Peptide Bond

Figure 2.13: Solid phase peptide synthesis protocol

2.3.6.A. Solid-Phase Peptide Synthesis: The solid Support

Can be functionalised;

YVVVVYVYYVYYVY

divinylbenzene (1-2%) copolymer

Joint initiative of 1ITs and 1ISc — Funded by MHRD

Chemical stability (it must be inert to all applied chemicals);

Mechanical stability (it shouldn’t brake under stirring);

It must swell extensively in the solvents used for the synthesis;
Peptide-resin bond should be stable during the synthesis;

Peptide-resin bond can be cleaved effectively at the end of the synthesis;
The basic of the most common used resins is polystyrene-1,4-
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chemical synthesis on a solid matrix.

oY

Divinylbenzene
(crosslinker, ~1 %)

Merrifield Resin: R. Bruce Merrifield, Rockefeller University, 1984
Nobel Prize in Chenustry, for his development of methodology for

Styrene Polymerisation Q H,COCH,CI
_ = CH,-Cl
Zncl,

Amide-linked resins
o]

1)|: | :N K*

2) HNNH,

Commercially
NHCBz  available

P —Q—\ O Amide Linked Resin;
—-w HNA<_ i
A

Ester-linked Resins

NHCBz

CF;CO,H
—_— ——Q—\ o0 EsterLinked Resin;

Commercially
Hz available

H!

O i T

Joint initiative of 1ITs and 1ISc — Funded by MHRD
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Other Resins
(o]
Merrifield
resin - =XJ\{H1
NHy

Kaiser (oxime) Resin

Wang Resin

TOw— oo —.

=@°’" "‘ﬂ SO — O

o0

Rink (Amide) Resin

Tanta Gel
A RS
©/\ + \/©/\
Styrene Divinylbenzene initiator

HONO.E/\Oa'n\,OH

polyethylene glycol (PEG) l 1

HoN

ool eorl
¥ b 4 Q.
y c o—/‘O{'\’ "}/\OH
(frosslmker,-1 ::nlymensatlnn =—©—/

o O

Solublizes the synthetic peptide
Particularly good for the
synthesis of long peptides

NH;

2.3.6.B. Peptide Coupling Reagent:
® N-protected carboxylic acid,
® C-protected amine
® DCC, HOBT

Joint initiative of 1ITs and 1ISc — Funded by MHRD

Page 36 of 99




NPTEL — Chemistry — Bio-Organic Chemistry

Newer Coupling Reagents

uronium salts:

phosphonium salts (salts of urea, not uranium)

N N 5F ®
3 3 N S
> » 5o 0y
l [ N
\P: N(CH3)» 0\?_,0 | N\
(CHy) I!I N(CH3)» N'" \D o\n/N(CHB)‘Z — Nlrg
© @N(CHa)2 o
BOP

S
actual structure

2.3.6.C. Why not N to C peptide synthesis?

Why not N to C peptide synthesis?

activation

N\)LN,H‘,

.—-/\)\m

T Qe Jﬁr”\)\_r

VERY acidic
easily racemized (scrambled)

2.3.6.D. Importance of Maintaining Stereochemical Integrity
During the Coupling Step
e Number of possible sterecisomers = 2n where n= no. of chiral centers
e A peptide w/ 10 AA residues has 210 possible stereoisomers.

Maintaining Stereochemical Integrity
9 4 R
H cou R, O
Q»WOJH/NW* K)JIN‘FMOC ez o\/n‘moc —
Ry % 0 , R
N FMOC
Oy
1
1 o»—-oj\/n\,;\zno nmoc Q—-—-o)ok(n F32NJKrn FMOC
N.
Ho)H/Fuoc R, 0 " Ry oo
Ry o\j —_—
coupling reagent Rs o H R, O H H R J\/n
Qe Qo e
\ Ry O
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2.3.6.D. Proteins are:-

e Polypeptides (covalently linked a-amino acids)

+ possibly —

cofactors,
e coenzymes,
prosthetic groups,

other modifications

component

—Heme in myoglobin

e Cofactor is a general term for functional non-amino acid

—Metal ions or organic molecules

e Coenzyme is used to designate an organic cofactors
—NAD"in lactate dehydrogenase

* Prosthetic groups are covalently attached cofactors
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2.4. Peptide Secondary Structures and Tools for
Stabilization

® Primary (1°) Structure: It tells
about the amino acid sequence.
The primary structure is held
together by covalent or peptide
bonds. The two ends of the
polypeptide chain are referred to
N-terminus and C-terminus end in
a protein. Edman degradation or
mass spectrometry can help in
sequence sequence determination
of a protein. However, it can be
read directly from the sequence of
the gene using the genetic code.

Primary structure
amino acid sequence

® Secondary (2°) Structure:
Frequently occurring
substructures or folds in a
polypeptide is the concern of Secondary structure
Secondary structure. In water a regular sub-structures
polypeptide chain will not stay in
an elongated form, but fold up
according to the polarity of the
side chains it contains and the
rotation of peptide backbone
determined by van der Waals radii
of side chains.

p-Sheet

Tertiary structure
three-dimensional structure

To understand protein structures
we can measure two torsion
angles/dihedral angles in the
backbone which define the tilt
between two neighboring amide | Quaternary structure
planes (the plane of the peptide complex of proje mojeoyies

bond) with the Ca at the center of rotation:
®PCa-NWCa-C

Thus we can calculate the backbone conformations of a peptide through
interplay of rotation around the bonds defined by the torsion angles Phi (®
) and Psi (W) and the steric hindrance of side groups determined by their
Van der Waals radii. The resulting conformational map is called
Ramachandran plot. A free rotation because of thermal motion around a
C-C bond is possible in the absence of any steric i.e., Van der Waals radii
constraints.
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® Tertiary (3°) Structure: three-dimensional arrangement of all atoms in a
single polypeptide chain is the main feature of tertiary structure. The
tertiary structure is the 3-dimensional, native structure of a single
polypeptide or protein. A protein normally is folded into a compact
structure. The secondary structures are stabilized by the final, native fold.
The native fold is defined as the active conformation which is mostly
stabilized by H-bonding, Electrostatic or lonic, Hydrophobic and Van der
Waals forces of interaction and some time by Covalent interaction.

The location of an amino acid in a protein fold correlates with the energy
of hydration of each individual amino acid residue and the entropy of the
side chain, polypeptide backbone, and solvent molecules. As mentioned
earlier, polar and charged amino acids are likely to be hydrated, whereas
the non-polar residues stick to each other and often form the core of a
protein, forming a usually hydrophobic core that stabilizes the fold of water
soluble, globular proteins. For membrane proteins exhibiting both
hydrophobic and hydrophilic surfaces, the amino acid distribution is
different from globular proteins but the same rules of the hydrophobic
effect apply.

® Quaternary (4°) structure: It is the overall organization of non-covalently
linked subunits of a functional protein. Single polypeptides can associate
with each other to form larger protein complexes of geometrically
specific  arrangements, called quaternary structures. Individual
polypeptides in protein complexes are referred to as subunits. Most
enzymes are complexes of proteins and the symmetry and stoichiometry
of the composition of the complexes is crucial for their activity.

One can distinguish two different compositions, the homomeric and
heteromeric complexes. Heteromeric composition of most protein
complexes gives the cells an additional level of variability and complexity it
can use for its activity. Often, heteromeric compositions of protein
complexes are tissue specific or developmental specific and multiple
genes can control the activity of a single heteromeric protein complex.

® Primary Structural Motifs:

» a-Helix: a right handed helical structure with average torsion angles
®=-57and ¥ =-47

» B-Sheet: parallel (® = -119 and W = 113) or anti-parallel pleated
sheet structures

» B-Turn: minimal loop structures of 3 to 4 amino acids with defined
torsion angles

» Disulfide bonds: Peptide or proteins may form covalent linkage
between two cysteine amino acids.
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® [orces Stabilizing Peptide Structures:
» H-bonding
» Electrostatic or lonic
» Hydrophobic and Van der Waals
» Covalent

2.4.1. The a-Helix:

® Polypeptides chain folds along with their backbone into regular
conformations which would similar to the a-keratin fiber. The most simple
and elegant arrangement is a right-handed spiral conformation known as
the ‘a-helix’.

® Amino acids wound into a helical structure 3.6 amino acids per coil, 5.4 A.

® Properties of the a -helix.: The structure repeats itself every 5.4 A along
the helix axis, i.e. the a-helix has a pitch of 5.4 A. a-helices have 3.6
amino acid residues per turn, i.e. a helix of 36 amino acids long would
form 10 turns. The separation of residues along the helix axis is 5.4/3.6 or
1.5 A, i.e. the a-helix has a rise per residue of 1.5 A.

o Every main chain C=0 and N-H group is hydrogen-bonded to a
peptide bond 4 residues away (i.e. O; to Ni+4). This gives a very
regular, stable arrangement.

o The peptide planes are roughly parallel with the helix axis and the
dipoles within the helix are aligned, i.e. all C=0 groups point in the
same direction and all N-H groups point the other way. Side chains
point outward from helix axis and are generally oriented towards its
N-terminal end.

a-Helix: Amino Acids Wound Into A Helical Structure
Loop
(0]
\HLN’
R H
i
o)
Netdipole
\HL'.“/
R H
§t *HuN
a-Helix has a net dipole
a-Helix are connected by loops

Figure 2.14: The structure of a a-helix.
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X-ray Structure of Myoglobin

Y pdb code: 1WLA

Figure 2.15: The structure of a-helix of Myoglobin.

Helical Bundles: Hydrophobic Sidechains Form an Interface
Between a-Helices (de novo Protein Design)

pdb code: 1qp6

L ;LU VAL GLU GLU LEU GLU LYS LYS PHE LYS GLU LEU TRP LYS GLY PRO ARG ARG
GLY GLU ILE GLU GLU LEU HIS LYS LYS PHE HIS GLU LEU ILE LYS GLY

Figure 2.16: The structure of helix bundles.
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2.4.2. B-Sheets

The B-sheet or B-pleated sheet is the second form of regular secondary
structure in proteins. It is only somewhat less common than alpha helix. Beta
sheets consist of beta strands which are connected laterally by at least two or
three backbone hydrogen bonds. Thereby it forms a twisted, pleated sheet. A B-
strand is a stretch of polypeptide chain with 3- tol0-amino acids long with
backbone in an almost fully extended conformation. The higher-level association
of B-sheets has been implicated in formation of the protein aggregates and fibrils
responsible for generating many human diseases, notably the amyloidoses such
as Alzheimer's disease.

H-Bonding Patterns and Dihedral Angles in B-Sheet
\

o NH _d— . . -
H-Bonding Patterns in an Antiparallel B-Sheet .

They

-~

o
=
.
o]

network O..
HN

form an extensive hydrogen bond

Y

HN
‘210 ------ HN wherein N-H groups of one strand establish hydrogen
R 727 bonds with the C=0 groups in the adjacent strands.
o " * Adjacent p-strands in a [-sheet are so aligned as their
:g_q F‘%: C" atoms become adjacent and their side chains point in
o  the same direction.

* The "pleated" structure of f-strands originates from
tetrahedral chemical bonding at the C® atom; The
pleating causes the distance between and to be
approximately 6 A. The "sideways' distance between
adjacent C” atoms in hydrogen-bonded B strands is
roughly s A,

* The energetically preferred dihedral angles of fully
extended conformation (¢, y) = (—180°, 180°).

B-strands are rarely perfectly extended = they exhibit a
twist due to the chirality = Preferred dihedral angles
near (@, ) = (-135°, 135°)

A good example of a strongly twisted p-hairpin is also
found.
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Figure 2.17: The structure of B-sheets-parallel/anti-parallel.
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Crossover

Anti-parallel
B-sheet

The B-Sheets

Anti-parallel

Loopor

Turn

Loop or
Turn

Figure 2.18: The structure of B-sheets-parallel/anti-parallel.

Anti-parallel B-sheets of lectin

Anti-parallel B-sheets Parallel B-sheets

Parallel B-sheets carbonic anhydrase

pdb code: 1QRM

Figure 2.19: The structure of anti-parallel B-sheets of Lectin and parallel b-sheet of Carbonic anhydrase.
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2.4.3. B-Turn

A region of the protein involving four consecutive residues where the
polypeptide chain folds back on itself by nearly 180°. This chain reversal gives
proteins a globular rather than linear structure. Thus a turn may be defined as is
a structural motif where the C* atoms of two residues separated by usually 1 to 5
peptide bonds are in closer in < 7 A distant while the corresponding residues do
not form a regular secondary structure element such as an alpha helix or beta
sheet. The backbone dihedral angles are not constant for all the residues in the
turn which in contrary to helices.

A turn can be converted into its inverse turn (almost mirror-image turn) by
changing the sign on all of its dihedral angles. Thus, the y-turn has two forms, a
classical form with (¢, y) dihedral angles of roughly (75°, -65°) and an inverse
form with dihedral angles (-75°, 65°). At least eight forms of the B-turn have been
identified, varying mainly in whether a cis isomer of a peptide bond is involved
and on the dihedral angles of the central two residues. Types Vlal, Vla2 and VIb
turns are subject to the additional condition that residue (i + 2)(*) must be a cis-
proline. Several turns are listed below in the table 1.

Table 1: Ideal Angles for Different Types of B-
turn.
Type | @i+1 | Wiv1 | Qi+2 Wi+
I -60 -30 -90 0
1 -60 120 80 0
VIII -60 -30 -120 120
I 60 30 90 0
1§ 60 -120 -80 0
Vial -60 120 -90 0*
Via2 -120 120 -60 0*
Vib -135 135 -75 160*
v turns excluded from all the above
categories
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The B-Turn
B-Turn of Lysozyme
(Residues: Asn46-Thr47-Asp48-Gly49)

(i+3)

(i+1) carbonylon
the opposite side of
the sidechains =

-7 Typelp-turn

(i+2)

O
. f
H,N N “au,
i H "R(i+1)

o]

R()
H-bond between (i) and (i+1) residues
Figure 2.20: The H-bonding in B-turn structure and the B-turn of Lysozyme.

The B-Turn of Lysozyme

pdb code: 1AZF

Typsy-Asps,-Thr;,-Sery-Gly ,-Asp ¢
|

Thr-Asn  ~Arg --------- Asn,-Thr,

Figure 2.21: The H-bonding in the B-turn of Lysozyme.
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Somatostatin and Its Mimetics

AIa-th—(.?rs—Lys-Asn-Phe—PheTlp
B-turn reponsible for
Somatostatin ? biological activity
S
C}lrs-Ser-Thl-Phe-Thl-Lys

NH D-stereochemistry

Remove Q)Lﬁ/[n,n‘;o

disulfide o © NH
o NH Pro-Phe-p-Trp
o NH, I I
OH Phe-Thr-Lys

at the (i+2) psoition
stabilizes the B -turn

Ph
Same Activity
as Somatostatin
o
)J\N
o)
o NH
o NHz
OH
Ph

100x more potent OH
than somatostatin NH
(o] \%
VA
H3C'~..N H ¥O
o O NH
o) NH
o] NHz
Ph

Figure 2.22: Structures of some B -turn mimetics.
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2.4.4. Disulfide Bonds: Covalent Structural Scaffolds, Redox
Active, Reversible

Disulfide Bonds: Covalent Structural
Scaffolds, Redox Active, Reversible
[0]
2 Cys-SH —)E Cys-S-S-Cys (Cysteine)
[H]
EGF Human Insulin
Cys33-Cys42 A ,
y v Chain A:21 AA’s Chain B: 30 AA’s
Cys(B)19-Cys(A)20
Cys6-Cys20
Cys(A)6-Cys(A)11
Cys(B)7-Cys(A)T,
pdb code:1S0C pdb code: 1XDA
Disulfide Bonds
Lysozyme Ribonuclease
Cys64 - Cyss0 Cys26 - Cys84

Cys40 - Cys95

pdb code: 1AZF Cys6 - Cys127 Cys58 - Cys110 pdb code: IALF

Figure 2.23: The covalent disulphide bonds in cysteine containing proteins.
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2.5. Natural B-amino Acids and B-peptides
2.5.1.Introduction

B-peptides consist of B amino acids, which have their amino group bonded to
the B- carbon rather than the a-carbon as in the 20 standard biological amino
acids. The only commonly naturally occurring 3-amino acid is (-alanine which is
used as a component of larger bioactive molecules. However, B-peptides in
general do not appear in nature. For this reason (B-peptide-based antibiotics are
being explored as ways of evading antibiotic resistance. Studies in this field were
explored first in 1996 by the group of Dieter Seebach and that of Samuel
Gellman.

Examples of Naturally Occurring f-Amino Acids

0
y N/H(OH o o o o2
2N'a o J@/U\ HoN OH ALS-0H
o HZN/B\)LOH HNB OH NP HaNTB ™~ 0
a-Alanine B-Alanine B-Aminobutyric Acid  B-Aminoisobutyric Acid Taurine

Taurine 1s a derivative of cysteine, an amino acid with a sulfhydryl group. Taurine is one of the few known
naturally occurring sulfonic acids. Though in strict sense, it is not an amino acid, (as it lacks a carboxyl
group), but it ig often called as naturally occuring B-amino acid. Small polvpeptides have been identified
which contain taurine, but to date no aminoacvl tRNA svnthetase has been identified as specifically
recognizing taurine and capable of incorporating it into a tRNA.

Some Examples of Constrain B-Amino Acids

H COOEt
coo COOMe  HOOC, ,COOH cooH
1 g | g
R O NH, NHBoc RHN"/ ="NHR N “eN NH
AN 1 2 3 R =COt Bu R 4R=TAG 5 2
HaN OH m=> )
f°-amino acid NH. O NH, o) o 0 o
i “Aoon HN, NSon HN Mo HN Mo
o ; : - OH
6 N T 8 Z Yo 10 LN 11
ACHC H APIiC ACPC m APC AP N Aib

Figure 2.24: The chemical structures of naturally occurring and few unnatural B- amino acids.

The folded structures in natural polypeptides containing a-amino acids are
conveniently defined using backbone torsion angles ® and y. Each a-amino acid
residue possesses two degrees of torsional freedom about the N-Ca (P) and
Ca-CO (y) bonds, with the peptide bond restricted to a trans, planar (w = 180°)
conformation. The Ramachandran map provides a convenient means of
analyzing and representing the observed backbone conformations of a-amino
acid residues in peptides and proteins. A very large numbers of natural and
unnatural amino acids have been utilized to generate mimic many biologically
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and structurally interesting compounds peptides and proteins. Gellman and co-
workers have studied several model peptides containing covalently constrained
B-amino acids. Their study led to the realization that new classes of folded
unnatural polypeptide structures could be generated. The insertion of additional
atoms in between the flanking peptide units enhances the number of degrees of
torsional freedom, resulting in an expansion of energetically accessible
conformational space. As for example, in the B-amino acid residue, local
backbone conformations are determined by values of three torsional variables
(P, 8, and ) while for the y-residue, the number of torsional variables is four (®,
01, 82, and y) (Figure 2.25).

OH HH c>H HH
JoL L
N N
NC“‘1 CUL1NC1\
| 2 |
H O H H H o

a-Peptide
H R H 4 n H H o n
IL . IL IL Y, N Monosubstituted
ck Sa ~— ck-& 1 ~—
3 3
C 4 H O ° g H ©
p2-Peptide Be-Peptide
H R AT
[N
ch 1 Disubstituted
\ﬂ/ c ™~ (Vicinal)
3
o Ra H (@]
p%-Peptide
nH R R: o
2 |
N Disubstituted
N gtz ~ N (Geminal)
3
H Q o ‘I
p%2Z-Peptide -Peptlde
H R, R:
\ﬂ/ cB IL\ \ﬂ/ 7%47/ ~_  Trisubstituted
Bz 223 Peptlde B2 2.3 Peptlde

Tetrasubstituted

p*%*>-Peptide

Figure 2.25: Substitution patterns for a -amino acid residue.
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A poly-B-amino acid helix introduced by Kovac et al. in 1965 has 3.4
residues/turn and an axial translation of 1.58 A/ residue. It is necessarily right-
handed for the B-amino acids with the L-configuration at the a-carbon. Recent
interest in the chemistry and biology of peptides containing backbone expanded
amino acid residues stems from the studies reported in the mid 1990s that novel
polypeptide helices could be formed in oligo B-peptides and the characterization
of hybrid structures that demonstrated that the B-and y-residues can be
accommodated into canonical helical folds, with an expansion of the
intramolecular hydrogen bonded rings.

2.5.2.Chemical structure and synthesis

Figure 2.25 illustrates the substitution pattern for a f-amino acid residue. The
most commonly used is monosubstituted (B°-) residues. These are derived by
Arndt-Eistert homologation of the readily available a-amino acid residues. In a-
amino acids both the carboxylic acid group and the amino group are bonded to
the same carbon center, the a-carbon (C%). In B amino acids, the amino group is
bonded to the B carbon (CP). Only glycine lacks a B carbon, which means that B-
glycine is not possible.

Some Examples of Crystallographically Characterized
B —Amino Acids

3-amino-2-benzyl- 3-amino-2,5-dimethyl- 3-amino-2,2-dimethyl-

Seminohulancicackl butanoic acid hexanoic acid butanoic acid

Figure 2.26: Some examples of crystallographically characterized substituted B-residues.

The chemical synthesis of B-amino acids can be challenging, especially given
the diversity of functional groups bonded to the B-carbon and the necessity of
maintaining chirality (figure 2.27). In the alanine molecule shown, the 3-carbon is
achiral; however, most larger amino acids have a chiral CP atom. A number of
synthesis mechanisms have been introduced to efficiently form B-amino acids
and their derivatives notably those based on the Arndt-Eistert synthesis. Two
main types of B-peptides exist: those with the organic residue (R) next to the
amine are called B*-peptides and those with position next to the carbonyl group
are called B*-peptides.
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Synthesis of f-Amino Acids

Seebach’s Approach to the Synthesis of B-Amino Acids

Arndt—FEistert Synthesis of B-Amino Acids Synthesis of a,-Disubstituted 3-Amino Acids
it Qu o ® o
"J\?” b = Rs/g'? T LRSJLN)\I/LL“"

RS OR* ns/\/kont H e

Reagents and conditions: (i) CICO,Et, NEt;,

o O
R (K viw R\)L JL MAL)LOH THEF; (i) CH,N,, Et,0; (iil) Ag", NEts, R,0H; (iv)

LiNR,, LiCl; (v) electrophile (RE-X); (vi) TiCl,,

)J &\N/g )_/ n ese .
3 NEt;; (vii) BZNHCH,CI; (viii) hydrolysis.
| e PO-ZORCIWOE .. ...ooo.. Beebach, D.; Matthews, J. L. Chem. Commun. 1997,2015. |
Enantioselective Mannich Reaction to p-Amino Acids
1.1 eq.
5 mol-% (R)-BINOL NHBoc

N,BOC CO’.N‘e 5 mol-% BU:Mg CO.Me

)I\ * Ar -

A H COMe 16 eqMgS0, OMe

toluene,-20°C,3 h
M. Hatano, T. Horibe, K. Ishihara, Org. Lett., 2010, /2, 3502-3505.

Synthesis of p-Amino Acids by Wolff Rearrangement

1) 1 eq. NEt,, 1 eq. CICO,Et 0

COH " THF,-15°C, 15 min R _N, _01eqPhCOAg R\‘/\COzH
HFmoc 2) >3 eq. CHyN; (in Et,0) dioxane /H,0 (5:1) NHFmoc
0°C—rt.,3h HFmoc M, rt.,~ 30 min
(extractive workup) ) = Ultrasound

A Muller, C. Vogt, N. Sewald, Synthesis, 1998, 837-841.

Synthesis of p>-Amino Acid by Homologation of ¢-Amino Acids
HoN_COH@) O 5. coH () Or g _co,Me (e) CO,Me
2N~ b) ~ Q- Y anN/\(

R R R
Reagents and Conditions: (a) NaNO,, NaBr, 2.5 M H,SO,; (b) NaNO,, NaBr, 0.75 1\11 HBr;
(¢) MeOH, cat. H,SO,, reflux; (d) CH;COCI, MeOH, rt.; (¢) Zn/CH,=NBn,"CF3COO-

R. Moumne, S. Lavielle, P. Karoyan,J. Org. Chem., 2006, 71, 3332-3334.

Synthesis of p-Amino Acids via Asymmetric l\Iamﬁch Reaction

Catal 5 1%) NHBoc
)NBOC+ (COZI-BU e /'\n/cozt-Bu
Ar N2 CH2Cly, MS4A COzH

0°C
R= 2,6-Mez-4—t-Bu-CGH2
T. Hashimoto, K. Maruoka, J. Am. Chem. Soc., 2007, 129, 10054-10055

Synthesis of p-amino esters via Mannich Reaction

2eq.
j\ HNR“ OTBS  5mol-% Ph,BOMe R ~y-R
5 " o e
R™ H R “ SOMe DMS0,60°C,12h g~ COMs R.R P

Y. Tanaka, T. Hasui, M. Suginome, Synlett, 2008, 1239-1241.

Figure 2.27: Various methods for the synthesis of B-amino acids.
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2.5.3.Secondary structure

Because the backbones of B-peptides are longer than those of a-peptides, B-
peptides form different secondary structures. The alkyl substituents at both the a-
and B-positions in a B-amino acid favor a gauche conformation about the bond
between the a-carbon and [-carbon. This also affects the thermodynamic
stability of the structure.

2.5.3.1. The Helices of B-Peptides

Many types of helix structures consisting of B-peptides have been reported.
These conformation types are distinguished by the number of atoms in the
hydrogen-bonded ring that is formed in solution; 8-helix, 10-helix, 12-helix, 14-
helix, and 10/12-helix have been reported. In general, B-peptides form a more
stable helix than a-peptides.

A comparative structural analysis of an a-peptide 3.6; helix with the 3; and
2.5; helices of B-peptides shows the following informations: (a) the helices have
different polarities with respect to their C and N-termini; (b) their shapes and
sizes drastically are different; (c) the 3; B-peptide helix can be produced with the
homochiral residues or with the residues having 2,3-l relative configuration; (d)
the 3; B -peptide helix can be produced with geminal disubstitution, however, the
a-helix is stabilized by incorporation of geminally disubstituted a-amino acids; (e)
the B-peptide helices are stabilized by hydrophobic interactions between side
chains. The hydrophobic interactions contribute a lot to make a difference
between B?- and B3-peptides (3; helix) and the mixed B /B 3-peptides.

Polarities, Pitches, Diameters and Positioning of the Side Chain in o- and p-Peptide Helices

Schematic presentation of the three helices from
(S)-a-, (S)-B- and (S,S)-B-amino acids.

a-Peptide B-Peptide
3.6,-P-Helix 3,-M-Helix 2.5,-P-Helix
C-Terminus C-Terminus C-Terminus
View along
the Helix
Axes of the
pL
- 3.643, 3,
imd 2.512

|<_ 4.7A _)l Helices

o

n

N-Terminus N-Terminus ' N-Terminus

le 374 5

igure 2.28: A comparative structures of a a-peptide helix with B-peptides helices.
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Examples of p3-Amino Acid Residues in Peptide Helices and p-Hairpins

)\ J

p3-amino acid residues in peptide helices Unsubstituted p-residues
in helix and hairpin structures
(1) Boc-Leu-Phe-Val-Aib-fPhe-Leu-Phe-Val-OMe. (2) Boc-Val-Ala-Phe-Aib-pVal-fPhe-Aib-Val-Ala-Phe-Aib-
OMe. (3) Boc-Leu-Val-pVal-DPro-Gly-pLeu-Val-Val-OMe. (4) Boc-Leu-Val-fPhe-Val-DPro-Gly-Leu-pPhe-
Val-Val-OMe. (5) Ac-pGly-Nip-Nip-pGly-NHMe.

Figure 2.29: B-peptides helices show the B-amino acids residues.

310—He|ix ((1) 312—He|ix (B) 311—He"x ((IB)

Figure 2.30: Helices with 4 — 1 hydrogen-bond patterns in a, 8, and af -hybrid peptides.
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a) Helix Bundles in p-Peptides and afi-Hybrid Peptides
b
0

Wy
XY

N
X
AW N

Q

%%
k) \{‘\"

Figure 2.31: Helix bundle B, and af -hybrid peptides. (a) Molecular conformation of a g*-dodecapeptide 14-helix
in HoN- BGlu- BLeu- BOrn- BPhe- BLeu- BAsp- BPhe- BLeu- BOrn- BOrn- BLeu- BAsp-OH. (b) Conformation of a af-
hybrid peptide with the sequence repeat aaa This is derived from a 33 residue a-peptide of the dimerization
domain of yeast transcriptional regulator.

2.5.3.2. The Pleated Sheet of B-Peptides

Pleated sheets of a- and B-peptides differ in the following features: (a) the
amide planes in an extended conformation are separated by one and two
tetrahedral carbons, respectively; (b) thus, the amide planes are arranged in a
zig-zag and in a parallel-displaced fashion; (iii) while the C=0 and N-H bonds
are pointing up and down in the a -peptidic sheet, they are unidirectional i.e. all
C=0 up, all N—H down, in the B-peptide; (iv) the side chains of an antiparallel and
the parallel pleated sheet of an a-peptide pointing perpendicular, above and
below, the average plane of the sheet, while the sheet of a B-peptide built from
homochiral (all- B2 or all- %) components is obscured on only one face by the
side chains; (v) the a-peptides containing the twenty proteinogenic amino acids
may show a certain tendency for forming either a helix or a B-sheet, the chain of
a B-peptide constructed from 2,3-disubstituted 3-amino acids can be prevented
from forming a 3;-helix and forced to adopt an extended conformation.
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Geminal Disubstitution Breakes Helix: Formation of B-Sheet
(b) <

H i~ P '

" 36A 28A°
Pleated Sheet of o- Peptide (a-b) Pleated Sheet of B-Peptide (c-d)
a) Parallel B—Sheet b) Antiparallel B-Sheetby p-Peptide

N

Figure 2.32: Parallel (a) and antiparallel (b) sheets in short B-peptides.

2.5.3.3. The Turn of B-Peptides

The 4 — 1 hydrogen-bonded two residue structure in aa segments is the
extremely well studied and is known as B-turn. Polypeptide chain folding about
the two backbone residues (i + 1, i + 2) generate B-turn characterized by
backbone conformational angles (®, y). The type I/lll turn is characterized by ®
@+1) = =30°, Y(is1) = —60°, Piz) = —60°/-90°, and y+2) = —30°/0°, while the type |l
turn is characterized by (®g:1) = —60°, Wi+ = 120°, Pgsp) = 80°, and Wi+ = 0°).
Turns with different ring size may arise because of the hydrogen bonding in two
residue with normal (4 — 1) and reversed (1 — 2) directionalities.
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Various Turns in g-Peptides
Two Residue Hydrogen-Bonded Turns in Homo-/Hybrid Oligopeptides
(a) 421 (CO;---NH;.;) H-Boned Turn:

S8 =3

(. "
:,rif’

e

g
cx1) cia)  CH1) o9

(b) 122 (NH;---Oc¢;.;) H-Bonded Turn:

Type-I and Type-II Turns in Various Peptides
(¢) Type-ITurn in a-, B-, and apf-Hybrid Peptides:

Cn O

aa

(d) Type-IIl Turn in a-, B-,and ap-Hybrid Peptides:

G

aa

Figure 2.33: Various types of turns in short B-peptides.

2.5.4. Biological Importance/Clinical Potential of B-Peptides

B-peptides are stable against proteolytic degradation in vitro and in vivo.
Therefore, they deserve important advantage over natural peptides in the
preparation of peptide-based drugs. B-Peptides have been used to mimic natural
peptide-based antibiotics such as magainins, which are highly potent but difficult
to use as drugs because they are degraded by proteolytic enzymes in the body.
Some natural B-amino acids such as taurine, B-aminobutyric acid, pB-
aminoisobutyric acid have been reported as agonists of the inhibitory glycine
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receptor. Substituted B-amino acids have also been reported as fibrinogen
receptor Gllb/llla antagonists, B-lactamase inhibitors, p-opioid receptor agonists,
or enkephalin-degrading enzyme inhibitors. Also, various B-amino acids are
found in natural antibiotics, fungicides, and antineoplastic compounds.
Furthermore, B-Peptides have shown promise in a variety of biological
applications, which include inhibition of cholesterol uptake, somatostatin receptor
binding, and antimicrobial activity any many more.

Antibiotic Activity Shown by the Following Cationic p-Peptides

H H -H H H H H ]

Tﬁmﬁm,ﬂ@/ﬂmﬁﬁfﬁ@ﬁmm roces

3

H H H H H H H

N N N N N N N NH2
N
@ 6

Figure 2.34: Gellman’s B-peptides with antibiotic activity.

Therefore studies toward designing more biologically active B-peptides have
drawn attention to the peptide chemists. Gellman et al. have designed B-amino
acid oligomers that are helical, cationic, and ampiphilic with the intention of
mimicking the biological activity of ampiphilic, cationic a-helical antimicrobial
peptides found in nature. They have shown that 12-helical B-peptides are
capable of selectively killing a variety of bacterial species, including two clinical
isolates that are resistant to common antibiotics. For this class of B-peptides, it
seems that a 40% cationic face is best for activity; B-peptides containing more
cationic residues are not as active. Helical ampiphilicity is also important for
activity. These [B-peptides appear to act by a mechanism similar to that of
antimicrobial a-peptides, based on their ability to cause rapid release of a
cytoplasmic enzyme from B. subtilis cells. The 12-helical B-peptides are
impervious to proteases, which is encouraging with regard to potential biological
applications.

Below are some more examples of bioactive B-peptides.
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Antibacterial B-Peptides

FmO(‘-(B?'-HVal-B3-HLyS-|33-HLeu),,-OH: n=2-4 William F. DeGrado ef al

H-(B3-HVal-p3-HLys-B3-HLeun) -OH:  n =2-4 - x

H-(3*-HLeu-p*HLys-p*-HLeu) -OH: 7 = 2-6 J. Am. Chem. Soc., 2001, 123, 7553,
J. Am. Chem. Soc., 1999, 121, 12200.

+HaN
HzNJ\)LOH HoN H HN H  H,N OH

B*HAla B*-HVal B*-HLeu B*-HLys

Antibiotics: Non-haemolytic 3 -amino-acid oligomers

H o H o H o) H (o]
N
g N N\‘f‘\u " N sy NH,
o H o| { H o H o
N N
3
H * +

Nature 2000, 404.565.  Gellman’s “p-177 p-peptide 110 00

% Concentration (um ml!)

Haemolytic activity
of -17 and
other derivatives

8 8

% Haemolysis
-t
=}
n

Q

p-Peptide Foldamer: Inhibition of HIV Fusion

NH2
X3 X X9 Xz Xs Xg
BXs pwwi-1 I W WV V¥ Sequences of PWWI-1-4 and
BWWI-2 v v v i w w x i
B*Xs pwWwwi-3 Vv v \ w w 1 ﬁ}‘AI‘l- : S
\ BWWI-4 W w1 v v v B3-homoamino acids are presented
P BWAI-1 ! A W V v Vv in single letter code similar for the
corresponding o-amino acid. O =
HoN t R HH R vawl ornithine.

H, i ou Alanna Schepartz et al.
PWWI-1 J. Am. Chem. Soc., 2005, 127 (38), 13126.

p-Peptides: Affinity for hDM2 and hDMX Related Protein: Importance in Oncology

H3N* H3N*

Helical net of
pS3-1, p33-8, L

|553—12,1 gnd PS3- o oW
B3-Homoamino P P ., Structures of
acids are 8531 p53-8fu
represented by i . . and p53-84!
one-letter code ’/ i i : (n=2).
corresponding to D = Q ;
the analogous a- CF,s
amino acid. B53-12

p53-8Al
Alanna Schepartz et al. Bioorg. Med. Chem. 2009, 17(5), 2038.

Figure 2.35: Some examples of bioactive B-peptides.
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Herpes Simplex Virus Type 1 Inhibition by Cationic -Peptides

Structure of B-peptides 1 n.~>=

¥4 V{nﬂl

Structures of o~ and f3-AA
- o
o

a-aminoacid  B*-aminoacid  (S,S)-ACHC

Structure of p-peptides 2 and the positions of the f-amino acid side chains
in t!le 14—he]3cal conformation, ACHC
ACHC
He e ACHC
(‘ ° o o o o
p-Arg + p-Arg +
HaN N Hﬁkﬁ N N B-Arg + B-Arg +
3 B-Arg + p-Arg +
Structure of p-peptides 3 and the positions of the p-amino acid side chains
in the 14-helical conformation,
T ACHC
pB-Arg +
M, M, ".5= >=nH,
':>=N ’:>=‘ HN p-Arg +
HyN N N ﬁLN N NH ACHC p-Arg +
H " i H " H B-Arg + ACHC
3 p-Arg + B-Arg +

Curtis R. Brandt et al. Antimicrobial Agents and Chemotherapy 2008, 52 (6), 2120-2129.

Helical p-Peptide: Inhibition of p53-hDM2 Interaction

HoN X3 Xe¢ Xo X3 Xe Xo
BOJgy  |PS31 L W F PS3FE A A
Bak e B53-2 F W L P53-F9 A A [
PENBV  psal3 L A A BS3I3 I A A NH, NH  NH,
P 0,H B O,H
e BO\4 v B53-L6 A L A B5316 A | A
e B53-L9 A A L BS3-19 A A | b Nt(g Q OI\IK?L I\I/.cﬂ OH
‘E> o4 |BS3-F3 F A A BS3-W6 A W A "HHHHWH  HY HHMH  HHWHH H  HH
o NH, . -
_ X - 8 -~ HoN Structure of S3-1
HN—Jpo "0 e gy ’ SPESpy Ty b
Plp, P

R 0
pE &B‘O\B’V g \B‘O\B-‘v ’ \\B‘ S BV
P 0 L] 3
BJVJB‘O p \ﬁ‘E BV B \I,‘E)ngHB \\ﬁ‘E>9 -
V. PF,, B53-5 p53-6 Jc
e BE N Schepartz, A. et al.

P HoN-B3V—B3W—HIE-B3G-COH J. Am. Chem. Soc. 2004, 126 (31), 9468—9469.
ps3-3 p53-4 B53-7
Helical net diagrams of B*-peptides studied herein. °X

denotes a (3-homoamino acid where X is the one-letter
code for the corresponding o-amino acid.

Figure 2.36: Few examples of bioactive B-peptides.
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Binding of TAR RNA by a Tat-Derived p-Peptide

1 = BPHTyr-BPHGIly-B*HArg-BHLys-B*HLys-B>HArg-
B*HArg-B*HGIN-B>HArg-p°HArg-p°HArg
2 = B*HTyr-B°HGIy-B°HLys-BHLys-B°HLys-B°HLys- B-peptide analogues of HIV-1 Tat,
B°HLys-3°HGIn-B°HLys-°HLys-B°HLys may be lused for antitranscriptive
3 = Tyr-Gly-Arg-Lys-Lys-Arg-Arg-Gin-Arg-Arg-Arg anti-HIV  therapy. This study
4= TyrGly-Lys-Lys-Lys-Lys-Lys-Gin-Lys-Lys-Lys represent an exciting new direction

HaNQNH, H; in antiviral drug development.

, etc.

H Samuel H. Gellman, and Tariq M. Rana ef al.
Org. Lett., 2003, 5 (20), pp 3563—3565

Activity Against Candida albicans Planktonic Cells and Biofilms

B-Amino acid Three-dimensional
residues incorporated representation of the
into the B-peptides . b B-peptide 14-helix
NHy
e
ACHC phval H oniys

°_o
] o]
Ry Ry O R, O R O
# : # L .
n ,l’ N g (‘ HaN N)\)LN)\)LN NH,
p*hPhe BAhTyr $Glu H H H ‘

3-peptides may be useful in preventing fungal colonization and biofilm formation.

Samuel H. Gellman and Sean P. Palecek et al.
ACS Chem. Biol. 2009, 4 (7), 567-579.

Helical o/p-Peptide Foldamer: Binding to Anti-Apoptotic Protein BelxLL
a) Ac-APC-Ala-ACPC-Arg-ACPC-Leu-ACPC-Lys-p3Xaa-Gly-Asp-Ala-Phe-Asn-Arg-NH,

o o . y o o o w o R oo w © HOHZNC;_‘O
St S A b i
H;NrNH NHz / \ ) H;NKNH
}‘{)\ A~

Structures of o/B-peptides 1 and 2

1(p3-hLeu) 2 (g3-hNle)

Sequence alignment of BH3 domains from Bim and Bak with foldamer 1.
b) h1 h2

h3 h4
Foldamer 1 Ac APC S ACPC R ACPC L ACPC L °-hLeu K] A F N R NH,
Bims (57-71) w | A Q E L R R | G E F N A
Bak (73-87) Q % G R Q X A [ 1 G D | N R

Samuel H. Gellman, and W. Douglas Fairlie et al. Angew. Chem. Int. Ed. 2009, 48, 4318 —4322.

Figure 2.37: Few more examples of bioactive B-peptides.
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Endomorphin-1 Analogues of B-Proline: p-Opioid Receptor
and Enhanced Enzymatic Hydrolysis Resistance

M )YrukNH Q‘Oknjw g oS

H oo
- U
HZN\/& H O ~Ph HZN\/&O H 9 \Pho ’N\_)J\N NH,
= = |
~
C5H4OH 1 CgH4OH 2 HZN\A
; ] HN
Ind a Ph Ind HoB
P AL 2l A
NH N HO
RIS e [, Rt i
HZN\'/&O H H O HN K H O X, * These analogues display different affinities
:\ :\ for p-opioid receptors, depending on the
CGH40H 3 CGH4OH 4

position and absolute stereochemistry of
homo-amino acid introduced. Good

Ind
O!nd H o M )\W:\/?L affinities were found tor peptides 4—6.
D)\ N)\n/N\:/u\NHZ N N o NHz Peptide 4 (Tyr-l-homo-Pro-Trp-Phe-NH,)
HzN\_/KO H 9 Spp o e showed affinity comparable to that of
‘\CGH‘OH " HN™ “—CgHOH| ¢ DAMGO. The cyclic AMP assay

confirmed that 4 and 5 act as agonists.
Structures of Homo-Tetrapeptides 1-6 p

A proteolytic enzymes (c-chymotrypsin, aminopeptidase-M, and carboxypeptidase-Y) resistance study
of peptide 1 and 4—6 showed that the presence of homo-Pro gives the peptides 4 and 5 a good resistance,
while homo-Tyr seems to have little effect.  ---Giuliana Cardillo ef al. J. Med. Chem., 2002, 45, 2571.

Ell(lOlllOl'l)lli]l Analogues of Alicyclic f-Amino Acids

ylic acid (ACPC)
1 ~COOH : :COOH 1 COOH LCOOH
"NH
COOH
cis- (1S.2R}- cis- (1R,2S)- trans- (1S,28)- trans- (1R,2R)- 1‘\‘
rboxylic acid (ACHC) O 9
1 _COOH COOH 1, .wCOOH COOH 2"
) NHZ
2, . cis-(1S,2R)-ACPC (1S,2R)-ACPC2-endomorphin-2
'NH 'NH

cis- (1S.2R)- cis- (1R,25)- trans- (1S,2S)- trans- (1R.2R)-

Structures of alicyclic pf-amino acids incorporated in endomorphin analogues.

The analogues containing cis-(1S.2R)-ACPC?*/ACHC? exhibited the highest p-opioid
receptor affinities, comparable with those of the parent endomorphins. The
conformational studies suggests that these peptides might bind to the p-opioid receptor
in a compact, folded structure rather than an extended one.

Murnyi and Gza Tth et al. J. Med. Chem. 2008, 51 (14), 4270-4279.

Figure 2.38: Few examples of bioactive B-peptides.
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Retroaldolase: B-peptide with Catalytic Activity

*ﬁ*%“@[#i)}aéné

H

/

Pep 1 R = CO(CHz)sCH3 v\;‘equencee of B- [ﬁptldes Pep 4
Pep 2 R=COCH3

HO

Pani Helical wheel diagram of (-peptide 1 and a
N cartoon showing [-peptide self-assembly
Sequences of B peptides ACHC -
"
ACHC -
ACHC
NHs i
- H —
Iﬁu g @D, ~#) = H
\H)k NH, BTy N>V pcHe  *HN *HN rANHS
e ACHC PANH
Pep 5 3 p-hlys ACHC n
Retroaldol Cleavage of B-Hydroxyketone 1
H . / 8 :
™9 OH 0 LOH B-peptides with arrays of discrete side-

oV Fm = A e

chain functional groups act as effective

PhCHO © o catalysts for a model retroaldol
mwj',‘. o kRMb reaction of B-hydroxyketone 1 to give
H,0 H,0 benzaldehyde and pyruvate. p-peptide

B 1 (Pep 1) displays excellent catalytic
~OH Nm‘m ._a% CMR()N. ‘_B NHR’ONa properties. :
1 = - )k;r Samuel H. Gellman, and Donald Hilvert ef al.

PhCHO . Angew. Chem. Int. Ed. 2009, 48, 922 -925.

Figure 2.39: Recently reported B-peptide, retroaldolase, with catalytic activity.
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2.6. B-Turn Peptidomimetic

2.6.1.Peptidomimetics and Their Importance

The discovery of the physiological role of a great number of peptides
stimulated researchers all over the world towards design and synthesis of
peptidomimetics or peptide like molecules. Since natural peptides seldom can be
used therapeutically as drugs, because of the problems associated with low
absorption, rapid metabolism and low oral bioavailability, many efforts aimed to
modify the natural sequence of the amino acids of bioactive peptides achieved a
desired, very focused effect. Peptidomimetics, which maintain the key elements
required for activity but replace the labile peptide bonds with more stable
features, have the advantage of providing new functionalities that can circumvent
natural processes in the body. For example, they become able to perform
functions that are not available with the natural materials, such as binding to and
penetrating cell membranes and resisting degradation by enzymes.

Peptidomimetics that fold to mimic protein secondary structures have
emerged as important targets of bioorganic chemistry. Recently, a variety of
compounds that mimic helices, turns, and sheets have been developed, with
notable advances in the design of B-peptides that mimic each of these structures.
These compounds hold promise as a step toward synthetic molecules with
protein like properties and as drugs that block protein-protein interactions.

Although initial efforts in peptidomimetic chemistry focused upon the
development of enzyme inhibitors and peptide hormone analogues, this field now
encompasses both the creation of pharmacologically useful analogues of
biologically active peptides and the development of compounds that mimic
protein structures. Current objectives include developing new drugs, gaining an
enhanced understanding of protein folding, and creating catalysts and new
materials with useful properties.

2.6.2. The Approaches to B-Turn Peptidomimetic

The B-Turn (Figure 2.40 and 2.41), which has also been referred to as the
beta-bend, beta-loop or reverse turn, is one of the three major secondary
structural elements of peptides and proteins. The surface localization of turns in
proteins, and the predominance of residues containing potentially critital
pharmacophoric information, has led to the hypothesis that turns play critical
roles in a myriad of recognition events in biological systems. These events
include but are not limited to the interactions between peptide hormones and
their receptors, antibodies and antigens, and regulatory enzymes and their
corresponding substrates. Reverse turn mimetics are powerful tool for the study
of molecular recognition and are providing a unique opportunity to dissect and
investigate structure-function relationships in complex proteins.

A great deal of effort has therefore focused on the design and synthesis of
small constrained mimetics of turn structure to provide a better understanding of
the molecular basis of peptide and protein interactions in addition to providing
potent and selective therapeutic agents.
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B-turns constitute a tetra peptide unit, which cause a reversal of direction of
the peptide chain. Formally, turns can be described by the distance from the Ca
of the first residue to the Ca of the fourth residue. When this distance is less than
7 A and the tetra peptide sequence is not in a a-helical region, it is considered a
B-turn. Additionally, a three residue reverse turn, popularly known as y-turn,
exists but is significantly less widely distributed.

B-turns are classified according to the ®- and W-angles of the i+1 and i+2
residues. In addition to the existence of a number of turn types (I, I', II, II’, 1, 11T,
IV, V, Va, Vla, VIb, VII, and VIII) the C{ to C,"2 distance varies from 4-7 A.

__________________________________________________________________________________
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Figure 2.40: The type II- and I’-B-turn motif

While the retention or improvement of biological activity is the ultimate
indicator of successful design, the success of many efforts has been measured
by the ability of a scaffold to adopt a turn motif using spectroscopic methods such
as circular dichroism (CD) or solution phase NMR.

___________________________________

" os-trans j+1 0 T T T i
: A R o s-cis  j+2 i+3 !
: AN e g R 4 0
: N H o) n e NQL |
Loy = 1800 =<\ ! ! AR oy
! (@) | Qi HN N 0 N | H - !
| R=C" R e 0<—] g O R
| ; NH H " ¢ :\ H ,
o e il I e
s L ; R
: HN n : |
' ,r-"'\JJU 0 R I ,
:1 The Type II-B-Turn N The Type VIp-Turn :

Figure 2.41: The type II- and VI-B-turn motif.
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We will now briefly discuss the current state of the art of turn mimetic
synthesis and scaffold design. The examples are confined to small molecule turn
scaffolds that have been designed with diversity and parallel execution in mind.

Different B-Turns at a glance

BVia
gl BVib
Figure 2.42: The Ball-stick model of various B-turns.
Table2: The nine beta-turn types with their dihedral angles.
Turn Dihedral angles (")
Type Di+1 Wiz [ W2
| -60 =30 =90 0
I* &0 30 90 0
I -60 120 80 0
I 60 -120 -80 0
v -61 10 -53 17
Vial -60 120 -90 0
Via2 -120 120 -60) 0
Vib -135 135 -75 160
VIII -60 -30 -120 120
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2.6.3. B-Turn Peptidomimetics

Turns are important targets for mimicry, both because they serve as
recognition sites in peptides and proteins and because they allow a protein chain
to fold back upon it to form a compact structure. One area of research has
focused upon the creation of structures that mimic the conformations and
functionality displayed by B-turns and related structures, whereas a second has
focused upon the creation of ‘nucleating turn mimics’ that induce structure in
attached groups (typically peptide strands).

Cyclic structures were first used as turn mimics and nucleators in the mid-
1980s and continue to be used for these purposes. Gennari, Scolastico and co-
workers have investigated bicyclic lactams 2.01 and 2.02 (Figure 2.43) as turn
mimics and have established that 2.01 nucleates B-sheet structure when
incorporated into certain peptides. Kelly and co-workers have used dibenzofuran
turn unit 2.03 (Figure 2.43) to nucleate anti-parallel 3-sheets in water. These
compounds adopt conformations in which the dibenzofuran moiety folds against
the sheet, forming a hydrophobic cluster with the side chains of the first residues
of the sheet, thus stabilizing the turn. Recently, Kelly and co-workers reported a
dibenzofuran turn unit that aligns two peptide strands to form a parallel B-sheet-
like structure (2.03). Soth and Nowick have reported
peptide/oligourea/azapeptide hybrid oligomer 2.04 (2.43), which adopts a hairpin
turn containing two intramolecular hydrogen bonds in chloroform solution. Two
separate groups have reported using a cis-norbornenyl turn that induces B-sheet-
like structure in attached peptides. Smith, Hirschmann et al. have extended
earlier work on the use of 3,5-linked pyrrolin-4-one B-strand mimics to create a
hydrogen-bonded turn-like structure.

P e e 'Nowick's Peptide/Oligoureal -
; Gennari, Scolastico’s ' Kelly's Dibenzofuran Template '
. ; ; o Aza eptide hybrid oligomer :
i B-Turn Mimetic " Based B-Turn Mimetic . pep y g -
: v o) ; !

: ¥ o

! ,R ' H

: : ¥ H Me

: o} : o s 0
o |

4,0 NJJ\N/N\H/O\Bn

: p-Sheet HN-R Me O

; 201n=1/R, =Bn 2.03 " posheet | 204

: 202n=2R; =H T P " A Hairpin Turn ;

Figure 2.43: B-turn mimics that nucleate sheet or hairpin structure
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The acyclic structures containing alkenes have been developed, which exploit
allylic strain and other acyclic conformational effects to mimic B-turns. In these
compounds, the alkene unit mimics the amide bond that would be present in a
natural turn. Gellman and co-workers presented the first example of this strategy
is alkene-based turn 2.05 (Figure 2.44). A longer peptidomimetic (2.06), with
amino acids flanking the alkene-based turn, prefers a hairpin conformation in
dichloromethane solution. Careful NMR studies suggest that other competing
conformations are also present. Wipf et al. have designed and synthesized
related alkene-based turns 2.07 and 2.08 (2.44); the latter contains a
trifluoromethyl-substituted alkene, which mimics the electronic properties of the
amide group.

+ Gellman's Trans-Alkene Template

\gk \g\ I(NMeZ
207 (R, R) X=Me

2.05 06 1 2.08 (S, S) X =CFg

Figure 2.44: B-turn mimics that nucleate sheet or hairpin structure

A new development in the creation of turn structures involves B-peptides.
Gellman and co-workers have developed a heterochiral nipecotic acid dimer turn
(2.09) that induces sheet structure in attached B-peptide strands. Incorporation of
2.09 into B-tetra peptide 2.10 (Figure 2.45), resulted in the formation of the B-
peptide equivalent of a B-hairpin. This work is particularly exciting because it
suggests that different types of B-amino acids can be used to create secondary
structures in a predictable fashion. Seebach et al. have also created a B-peptide
turn (2.11) based on the central turn of their 12/10/12 helix (Figure 2.46). This
turn comprises two homochiral B-amino acids, the first with a substituent at the 3-
position, the second with a substituent at the a-position. Seebach et al. have also
reported an a, a-disubstituted B-tripeptide that forms a similar turn. This result,
demonstrates that the structures of B-peptides are substituent dependent and
suggests rules for designing secondary structures.
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Figure 2.45: B-turn mimics that nucleate sheet or hairpin structure

The myriad of potential homologated amino acids and substitution patterns
provides a plethora of opportunities for the creation of structure. Thus, Hanessian
et al. recently reported that y-tetrapeptide 2.12 (Figure 2.46), adopts a reverse
turn conformation containing a 14-membered hydrogen-bonded ring [(i)
C=0---HN (i + 3)].

: @ O
. Seebach et al. NH3 TFA !
' B— peptide turn '

Hanessian et al.

H ¥
/\WN y-tetrapeptide Ph
0 ¥

Figure 2.46 B-turn mimics that nucleate sheet or hairpin structure

Despite an exponential growth in the number of reports on the development
of constrained non-peptide scaffolds as peptidomimetics, very few peptide-based
drugs have been developed, necessitating an overhaul in the existing design
principles. Newer concepts are emerging where the fundamental building blocks
used by nature, such as amino acids, sugars, and nucleosides, are amalgamated
to produce nature-like, and yet unnatural, de novo structural entities with
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multifunctional groups anchored on a single ensemble. One such hybrid design is
represented by a class of compounds called sugar amino acids (Saa). These are
carbohydrate molecules bearing both amino and carboxyl functional groups on
the regular sugar framework. The rigid furan or pyran rings of these molecules
make them ideal candidates as non-peptide scaffolds in peptidomimetics where
they can be easily incorporated into a peptide backbone by using their carboxyl
and amino termini.

HO.C ¢
HO R?
HO OH
2.13R = NH,,

2.14 R = CH,NH, .
Saa scaffold for f—turn mimetic ::

'
|

tBu Thr5 Phe?
|4 3 :: | —_— | '
1 Lys D-Trp® 'BocLys:————D-Trp® !
HN Phe » 2.16 ;5 217
Leu-OMe ' | Saa 2.14 Scaffold of  :: Saa 2.13 Scaffold of
Tyr.HCI 215 : » Somatostatin mimic ;: Somatostatin mimic
Saa2.14 Scaffold for  © T
enkephalin mimic : The B-turn Mimetics of Furanose SAA

Figure 2.47: Pyranose sugar amino acid scaffolds as peptide B-turn mimetics.

In 1995, von Roedern and coworkers have reported one example of a sugar
amino acid as a new type of peptidomimetic (Figure 2.47). The novel Saas were
successfully incorporated into a cyclic peptide of the somatostatin containing
tetrapeptide Phe-D-Trp-Lys-Thr. The conformational analysis clearly typified two
B-turns. They have also reported the synthesis of pyranose sugar amino acids
(Saas) as new non-peptide peptidomimetics utilizing carbohydrates as peptide
building blocks.
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Figure 2.48: Different Sugar amino acids and diacid templates

The rigid frameworks of furanoid sugar amino acids prompted various
research groups to use them as dipeptide isosteres in peptidomimetic studies.
These molecules with constrained backbone angles, w(i) and ®(i+1), were
expected to induce folded conformations in linear peptides. Chakraborty et al.
have exploited these furanoid sugar amino acids (Saa) by incorporating into
Leuenkephalin, chosen as a representative example of a short peptide, replacing
its Gly-Gly spacer segment that is known to be flexible and amenable to different
conformations depending on the binding environment (Figure 2.48-2.50).
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Figure 2.49: Leu-enkephalin mimetic by Chakraborty et al.
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Figure 2.50: Repeated B-turn mimetic by Chakraborty et al.

A new reverse turn, replacing one of the native type II' B-turns in the cyclic
peptide antibiotic gramicidin S, induced by a furanoid sugar amino acid was
recently reported by Grotenbreg and coworkers. NMR and X-ray crystallographic
analysis showed that C3-hydroxyl function plays a pivotal role by acting as an H-

bond acceptor, consequently flipping the amide bond between residues i and i +
1.
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Recently, Ferrocene derivatives were proposed as an organometallic scaffold for
B-turns. Herrick et.al, in 1996, reported the compounds of general structures
Fe(CsH4-CO-Xaa-OMe), (with Xaa = amino acid) to have an ordered structure in
organic solvents and this structure is stabilized by two symmetrically equivalent
hydrogen bonds between the amide NH and the methyl ester carbonyl moiety of
another strand, 2.34 (Figure 2.51). Hirao and coworkers prepared several
substituted dipeptides of similar ordered structure.

Cobaltocene dicarboxylic acids have also been used as a scaffold for B-turn
mimetic. Recently, von Staveren et.al. have investigated the influence of a
positive charge on the structure and stability of peptide turn structures, which are
stabilized by H bonds. They have concluded that turn structure in 2.35 is 3-turn
like and in 2.36 is B-turn-like (Figure 2.51). Because of parallel orientation
induced by the diacid scaffold, they have designated the turn structures as
pseudo-y, and pseudo-f, turn.

E . O :
: 2.33 ¥ N 5
| Ferrocene/Cobaltocene X G\\( OR:

Dicarboxylic acid as Scaffold:f 234 O R
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: O CH,Ph O CHs O :
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: H 2.36 2 i
. 2.35 O © ey

M = Fe (a) or Co*(b)

Figure 2.51: Peptide B-turn mimetic based on ferrocene/cobaltocene dicarboxylic acid scaffold

2.6.4. Z-Enediyne m-chromophores As Possible Scaffold for
Peptidomimetics Design

During the past decade, the construction and investigation of expanded
acetylenic tr-chromophores has become a central area of chemical research. It
has been fueled by the availability of new synthetic methods, in particular Pd(0)-
catalyzed cross-coupling reactions, the discovery of the antitumor activity of a
series of natural compounds possessing reactive Z-enediyne t-chromophores,
and the need for new nanoscale molecules and polymeric materials that exhibit
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unusual electronic and optical functions and properties. The enediyne antitumor
antibiotics are appreciated for their novel molecular architecture, their remarkable
biological activity and their fascinating mode of action and many have spawned
considerable interest as anticancer agents in the pharmaceutical industry. Of
equal importance to these astonishing properties, the enediynes also offer a
distinct opportunity to study the unparalleled biosyntheses of their unique
molecular scaffolds and what promises to be unprecedented modes of self-
resistance to highly reactive natural products. Elucidation of these aspects
should unveil novel mechanistic enzymology, and may provide access to the
rational biosynthetic modification of enediyne structure for new drug leads, the
construction of enediyne overproducing strains and eventually lead to an
enediyne combinatorial biosynthesis program.

2.6.5. Enediynyl Amino Acid AS B-Sheet Nucleator

As already mentioned, Enediynes have drawn unprecedented interest
amongst the scientific community because of their cytotoxic activity and possible
use as anticancer drug. All studies so far have been concentrated on their
synthesis and evaluation of chemical as well as biological activity. The special
structural feature of Z-enediynes is the type of reverse-turn associated with the
two acetylenic arms. One can consider making enediynyl amino acid containing

@
NH
= : Flexible region
= Me
S CQ, Mel ©
2.37 : Me "0~ JNH
Enediynyl @-Aminoacid Scaffold . (0] 'Rl
1
Ho R
N

\
<
o IZ

@]
~ N
O g2
2.38 R1 =R2 =Me

2.39 R1 = R2 = CH2Ph Flexible region
2.40 R1 = Me, R2 = CH20H '

Enediynyl Tripeptides as
B-Sheet Peptidomimetic

Figure 2.52: The solution conformation of the enediynyl peptides
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This structural motif, for the first time in enediyne chemistry, was used, in our
laboratory, as a possible scafolld for peptide secondary structure mimetic.
Specially, we were interested in designing and synthesis of the -sheet mimetic
by incorporating the w-enediynyl amino acid into a peptide chain. We thought
that this enediynyl motif can act as nucleator and thus may induce in adopting
the B-sheet which constitutes a well-studied subset of the reverse turn and is a
common feature in biologically active peptides and globular proteins. The sheet
capping turns are widely believed to act as a molecular recognition site for many
biological processes.

Bag and Basak et al. have incorporated the enediynyl amino acid 2.37 into
peptides 2.38-2.40 (Figure 2.52) and then found out the conformational
preferences by NMR and CD-measurements.

Circular Dichroism (CD) spectra of the fully protected peptides and the
generally higher (Ad/3T) values for the chemical shifts of § and y N-H’s reveales
that the peptides adapt a significant proportion of p-sheet like conformation.
However, the results also indicated the presence of other conformations as well,
specially the a-NH as being intramolecularly H-bonded. The variable temperature
NMR experiments indicate that the conformation resembling B-sheet capping
type motif is more predominant. The situation is represented in Figure 2.52.
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Structure of enediynyl pentapeptide 2.41 that exists predominantly in B-turn and its
Overlayed deconvulated CD spectra in MeOH 1n the absence and presence of varous
amounts of CaCl,.

Figure 2.53: The enediynyl pentapeptide and its CD spectra.

A novel enediynyl pentapeptide in the protected form 2.41 was synthesized
and characterized. It exists predominantly in B-turn structural motif as revealed
by variable temperature. NMR and CD spectroscopy. In the presence of
transition metal ions and gold nanoparticles, the fluorescence intensity of the
peptide got enhanced with remarkable quantum yield with the Z-enediynyl w-
amino acid acting as a fluorophoric reporter. The interesting photophysical
behaviors with alkali and alkaline earth metal ions are also reported.
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The secondary structure of peptide 2.41 was estimated by recording its CD
spectrum in methanol, which showed a strong maximum at ~198 nm followed by
several broad minima at ~205, 212, and 222 nm, indicating that the peptide
predominantly adopts a B-turn like structure (Figure 2.53) at least in the solvent
used for the study. The peptide secondary structure estimation using CD estima
program shows a 60% turn like structure, the existence of which implies the
possible presence of intramolecular H-bond between the peptide strands on the
two arms of the enediyne framework. This could be assessed by determining the
variation of chemical shifts of the various NHs with temperature in DMSO-dg in
which all the four NHs exhibited different chemical shifts. Interestingly, the turn
like structure is more or less maintained in the presence of Ca®" ions.

Of the four amide NH’s, one alanine NH and the NH belonging to the
enediynyl amino acid exhibited AS/AT values that are within the Kessler limit of
-3 ppb/K, indicating strong intramolecular H-bonding and supported the
predominant turn like structure of the peptide. The appearance of a crosspeak for
the hydrogens attached to C-2 and C-11 in NOESY spectrum also provided
further evidence for the turn like conformation of the two peptide arms of the
enediyne backbone. The H-bonded conformation was also supported by the
semi-empirical AM1 geometry optimization.

2.7. B-Lactam Based Peptidomimetics

Templated B-turn peptidomimetic is a complex task in respect of the synthesis
of molecular templates with precisely oriented predetermined groups. A great
deal of effort has been dedicated to the development of such peptidomimetics. A
rational design of an efficient mimetic necessitates the modification of the native
bioactive peptide to include two major elements-(a) a specific B-turn constraining
element such as an intra- or inter residual bridge, is needed to force the peptide
backbone to adopt the desired conformation as exactly as possible and (b) at
least one recognition group must be placed in a stereocontrolled fashion at the
desired position for interaction with the receptor or enzyme active site.

Though it is simple to design, practical access to peptidomimetic libraries
bearing a broad range of recognition groups, while retaining the B-turn
framework, often is a tedious and synthetically challenging job starting from the
scaffold chosen. Also, it is difficult or impossible to elucidate structural elements
exerting specific constraints or recognition functions for most known B-turn
surrogate molecules. As a consequence, chemical alteration of such
peptidomimetics, when synthetically feasible, leads to unpredictable results in
terms of B-turn motif stability and/or proper spatial orientation of the recognition
groups.

An important example of this phenomenon (Figure 2.54) is the original
approach of Freidinger to p-turn mimetics. The Freidinger’s original approach to
B-turn mimetic, involved the bridging of the betagenic -(i+1)-(i+2)- central
residues through the formation of five-, six-, seven-, and eight-membered ring
lactams. Accordingly, any structural modification of the R® bridge in
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pseudopeptide (Figure 2.54), should force a global change of conformation and
recognition properties that, in practice, involves a re-design of each derivative
prepared, instead of a single structural parameter variation.

From Freidinger's Principle for g-turn Peptidomimetic to the Concept of p-L acfam Based

Peptidomimetic
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Figure 2.54: The designing concept of B-lactam based peptidomimetics.

The Freidinger’s idea of B-turn peptidomimetics based on the principle of the
incorporation of groups, as small as possible, in the original peptide to generate
well-defined turns without affecting receptor recognition was explored by Claudio
Palomo et al. in designing the B-lactam-based peptidomimetics as a novel family
of B-turn motif nucleators. This concept was illustrated by their designed B-lactam
peptides and B-lactam peptidomimetics of melanostatin (PLG).

The p-Lactam Scaffolds for Constructing p-Turn Peptidomimetic
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Figure 2.55:B-Lactam scaffolds for the peptidomimetics; Palomo et.al.
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They have synthesized novel enantiopure (i)-(B-lactam)-(Gly)-(i+3) peptide
models starting with B-lactam scaffolds, defined by the presence of a central a-
alkyl-a-amino-B-lactam ring placed as the (i+1) residue. In their conceptual
design, while the B-lactam methylene group mimics simultaneously the CaH(i+1)
and HN(i+2) protons of the native peptide, R' and R? groups can be designed
specifically for recognition with the receptor (Figure 2.55). In this approach, it
was also assumed that the presence of the a,a-disubstitution pattern would
enhance resistance to chemical and enzymatic hydrolysis by proteases and that
the resulting B-lactam-peptides would be attractive targets for pharmaceutical
drug discovery.

Elements Presnting p-Turn in g-Lactam Scaffold Peptide
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Figure 2.56: B-lactam based peptidomimetic indicating a type-II' B-turn conformation.

The structural properties of these B-lactam pseudopeptides were studied by
x-ray crystallography, molecular dynamics simulation, and NOESY-restrained
NMR simulated annealing techniques, showing a strong tendency to form stable
type Il or type II' B-turns either in the solid state or in highly coordinating DMSO
solutions. Crystal structure of the peptidomimetic (Figure 2.56) indicated a type-
II' B-turn conformation.
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Representative f-Lactam Based Tetrapeptide: f-Turn Peptidomimetic
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Figure 2.57: Tetrapeptide models as a function of the structural and stereochemical elements of the B-lactam
core for B-turn induction.

Tetrapeptide models containing syn- or anti-a, B-dialkyl-a-amino-B-lactam
rings were also synthesized and their conformations analyzed, revealing that a -
alkyl substitution is essential for B-turn stabilization. A B-lactam analog of
melanostatin (H-Pro-Leu-Gly-NH;) was prepared. The compound (Figure 2.57)
was characterized as a type-Il B-turn in DMSO-ds solution, and was tested by
competitive binding assay as a dopaminergic D, modulator in rat neuron cultured
cells, displaying moderate agonist activity in the micromolar concentration range.

Biological Evaluation of Melanostatin (PLG) p-Lactam Analogue: Several
studies have shown that PLG render the Gi-protein coupled dopamine D,-like
receptors more responsive to agonists by maintaining the high-affinity binding
state of the receptor. Though the full mechanism is not clear, but it is known that
the mechanism of action of PLG may likely involve intraneuronal enzymes. So,
direct competitive binding assays on integral neurons can provide information
more directly assignable to real living systems.

To test the relative activity of B-lactam PLG analogue versus natural PLG as a
dopamine D, receptor modulator, Palamo et al. have conducted a radio ligand
competitive binding assays on cultured integer neuron cells from rat cerebral
cortex. Their competitive binding assay study indicated that B-lactam PLG
analogue (Figure 2.57) slightly reduces the dissociation constant of dopamine D,
receptors for N-propylnorapomorphine (NPA) with respect to PLG at a
micromolar concentration range. The full retention of bioactivity on living neurons
observed for B-lactam PLG analogue with respect to natural PLG suggests that
the structural variation arising from the replacement of CaHg:1y and HNip
protons by a B-lactam methylene group does not hinder the maintenance of a
similar recognition pattern by D, receptors.
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2.8. Expanding the Genetic Code

2.8.1. Background:

The tools of chemistry, most notably chemical synthesis and spectroscopy,
have had a remarkable impact on biology-from the structural elucidation of the
double helix to the chemical synthesis of peptides and oligonucleotides. At the
same time, modern molecular biology has made it possible not only to
manipulate protein and nucleic acid structure but also the genetic composition of
living organisms. The ability to use these tools in combination opens an
unprecedented opportunity in the coming millennium, both for understanding
complex biological systems at a molecular level as well as for the generation of
molecules with novel biological, chemical and physical properties.

Proteins play a vital role in all living organisms to maintain the cell structures,
properties and functions which is again dependent on post translational
modifications. The genetic codes of every known organism encode the same 20
amino acid building blocks using triplet codons generated from A, G, C and T.
Thus, in all organisms, the building blocks of all the translated proteins are the
same 20 natural amino acids. Natural selection/evolution has generated a large
no of proteins with more or less common structures and functions in a population.
Therefore, these proteins are highly specialized for specific functions and thus,
are not suitable for a different function other than they use to do the specific job.
To perform a complex additional function by a protein, it needs other
functionalities within its framework. Posttranslational modifications, cofactor-
dependent catalysis, and pyrrolysine/selenocysteine incorporation in bacteria
proves that the natural evolutionary movement needs extra chemical
functionalities other than those present within the 20 natural amino acids. Then
the knowledge from the nature knocked scientists to ask oneself: Why only this
set of amino acids and not any additional ones are used for genetic coding? Is
this the ideal number? How did they determine the complex folds and functions
of proteins? Would additional amino acids allow the generation of proteins or
even entire organisms with enhanced properties? These questions need yet to
be fully answered.

The ability to generate proteins with new building blocks, beyond those
specified by the genetic code, would not only provide a powerful tool with which
to investigate these questions but might also allow us to generate proteins or
even entire organisms with novel functions. The ability to introduce amino acids
with precisely tailored steric and electronic properties into proteins would also
allow us to carry out “physical organic” studies of proteins much the same way as
has been historically done with small molecules.
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Figure 2.58: Presentation of naturally occurring 21° and 22" amino acids

Thus, the approach, “directed evolution” have come up with proteins of
altered structural and functional properties that do not occur in nature. As for
example, researchers are trying to generate new proteins to function as potent
therapeutic, microbial enzymes for fuel production from agricultural waste,
imaging and ultimately semi-synthetic organism with diverse functionality. Now a
day, scientists are involved in designing the proteins via rational approach of
directed evolution to produce new proteins with desirable properties. Therefore,
inspired by Natures’ post-translational modification to include different functional
units or molecules into the proteins, chemoselective conjugation methods have
been developed to attach probe to proteins; thereby facilitating the study of
structure and functions at molecular level. However, conventional bioconjugation
reaction has several drawbacks and mostly exploited the only nine canonical
aminoacids with limited functional groups and abundance for modification/ligation
within a protein. Therefore, because of that, site-specific conjugation to a desired
canonical amino acid in a protein is difficult task. To circumvent this problem,
several chemical and biochemical methodology have been developed to site-
specifically incorporate designer amino acids (the unnatural amino acids) with
disered functionalities to probe protein structure and function and to generate
proteins/enzyme for several novel biochemical applications, such as for chemical
synthesis, biomedical research or even as therapeutics. Therefore, the research
in the field of design and synthesis of non-natural amino acids with novel
properties, to encode it genetically and to incorporate it site-specifically into a
protein via bio-orthogonal strategy, is growing at a fast space for the growing
demand of proteins of potential therapeutic and many other diversified novel
functional applications. Therefore, an expanded genetic code, site-specifically
incorporated into protein would allow us to study proteins’ physical organics
which would otherwise be extremely difficult-(a) probing protein structure,
function and interaction, (b) regulating protein activity, (c) monitoring the mode of
action, (d) improving immunogenicity, and (e) very recent development of a
protein with a “chemical warhead” which target specific cellular components.
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Figure 2.59: The structures of the amino acids and their codons.
2.8.2. Methodology for Genetic incorporation of UNAA:

The historical development of synthesis or semisynthetic methods for
introduction of unnatural amino acids into peptide and proteins[(a) Offord, R. E.
(1987) Protein Eng. 1,151-157; (b) Kaiser, E. T. (1988) Angew. Chem. Int.
Ed.Engl. 27,913-922] by Offord and Kaiser has paved the way to develop
methods for site specific incorporation of more unnatural amino acids into
proteins by Schultz et al. [Corey, D. R. and Schultz, P. G. (1987) Science 238,
1401-1403] towards expanding the genetic code and thereby to give rise to the
birth of semisynthetic organism. Towards this goal, an increasing amount of
interest from various research groups has resulted in the acceleration of progress
of design of unnatural amino acids for application in protein engineering. Several
non natural amino acids were reported looking after the steric and electronic
properties and incorporated into proteins site specifically. However, many of the
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reported unnatural amino acids are not suitable for giving novel biological
properties of the proteins or not containing functionality for labeling the proteins.
Moreover, ffluorescently labeled proteins are useful in a large number of
bioanalytical applications, but, a little was attempted to develop fluorescent
unnatural amino acids (FUAA) or fluorescently labelled UAA for genetic encoding
or to generate labelled proteins/peptide for studying conformational or diverse
functional realm.
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. = ) 80( )
1RNA A\ N Unnatural Survivors encode aaRS
' ammo acid capable of charging any F177 (1159)
L CAT Tert Kn TyIRS i }) Cm natural or unnatural aa

i/ onto the O-tRNA (E107)
w55
‘V Charges Charges
natural aa unnatural aa

unnatural
Barma: : 2 "
X, amino acid 3\ l

dies lives

I IR l l

& ) ( : st Withdraw,  pamase  no barnase —
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‘ e

Figure 2.60: Scheme for evolving aminoacyl tRNA synthetases with novel specificities.

Towards this end, methodologies were developed that allow one to
genetically encode novel amino acids, beyond the common twenty, in prokaryotic
and eukaryotic organisms. One of such methodologies involves the generation a
unique codon-tRNA pair and corresponding aminoacyl-tRNA synthetase.
Specifically, an orthogonal tRNA is constructed that is not a substrate for any
natural aminoacyl synthetases and which inserts its cognate amino acid in
response to the amber nonsense codon. A cognate synthetase is then generated
which recognizes this unique tRNA and no other; the substrate specificity of this
synthetase is then evolved to recognize a desired “twenty first” amino acid, and
no endogenous amino acid. Sultz et al. have shown that this methodology can be
used to efficiently incorporate a large number of amino acids into proteins in E.
coli and yeast with fidelity and efficiency rivaling that of the common amino acids.
Using this methodology, several research groups have added a variety of novel
amino acids to the genetic codes of E. coli.
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Background of unnatural amino acid incorporation
Background of unnatural amino acid incorporation

+  The incorporation of unnatural amino acids takes into account the fact that bacteria do not have post-
translational modifications. So everything done to incorporate these unnatural amino acids are being done
pre-translationally. Bacteria lack the enzymes that cleave peptide, attach carbohydrates, and make
chemical modifications. As a result, Peter G. Schultz came up with a novel way of incorporating these
unnatural amino acids.

+ Incorporation ofunnaturalamino acidinto protein is a pre-translational process.

In vivo Genetic Incorporation
Canonical amino acid Unnatural amino acid

................................................................. EndcgenOus Orthegonal
» .| Endogenous tRNA Orthogonal IRNA

P . Use of synthetase synthetase

orthogonal L= of

e tRNA orthogonal tRNA

/| of Stop Codon % synthetase i
' | T

Incorporati™

on of
unnatural

. amino acid

Protein

Figure 2.61: Scheme for in vivo incorporation of unnatural amino acids.
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Why use TAG (UAG CODON)

Whyuse TAG (UAG CODON)
Essentially, TAG was used for amber
suppression because of three very
important points. 1) The tRNAs can
sufficiently translate amber
suppression of this codon, 2) TAG is
a rarely used or found stop codon
found in bacteria and yeast, so it
rarely terminates genes, and 3) The
lack of termination of the gene will
notalter the growth of the organism.

j’f No

disruption . Sufficiently
or ' translated
termination

Figure 2.62: Importance of stop codon for incorporation of unnatural amino acids.

Applying this methodology one can study protein’s structure and function in
vitro and in vivo, as well as the evolution of proteins with novel properties,
including therapeutic peptides, proteins, and vaccines can be developed.
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Nonsense Suppression Methodology to Incorporate Unnatural
Amino Acids into Proteins.
Codonforresidue of interest Amber“Stop” codon
.
- (]
pGC <pG
Oligonucleoticde directed
mutagenesis
plasmid > plasmid
Unnatural amino acid (UNAA)
T\A/ ~
C
o
pCpA-aa, ) o
T4RNA ligase : I In vitro |transcription
N AUC
mANA UAG <
Sitefor
UNAA - |_> MessengerRNA
A . -
C insertion Invitro|translation
Ci
AUC Mutant protein/enezyme
SuppressortRNA (-CA) with unnatural amino acid
Figure 2.63: Stop codon methodology for incorporation of unnatural amino acids.
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In vive Incorporationof UNAA

Canonical amino acid Unnatural amino acid

O Endogenous

Endogenous 16 tRNA Orthogonal
synthetase synthetase
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tRNA

AMP+ PPi AMP+ PPi

mRNA

uecodon
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Figure 2.64: Methodology for in vivo incorporation of unnatural amino acids.
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2.8.3. Some Genetically Encoded UNAA:

Some Encoded Unnatural Amino Acids
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Figure 2.65: Structures of some genetically encoded amino acids.
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2.9. Synthesis of Unnatural Amino Acids

Methods of Synthesising Unnatural Amino Acids
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2.10. Applications of Unnatural Amino Acids

There are many applications of unnatural amino acids which include the
following:

1.

The generation of therapeutic proteins with enhanced pharmacology is
possible in contrast to the historical, relatively nonspecific methods for the
chemical modification of therapeutic proteins with electrophilic moieties or
the selective modification of cysteine residues.

Increase the immunogenicity of self-proteins or weakly immunogenic
pathogen proteins (e.g., p-nitrophenylalanine mutants). This method can
be applied to the development of cancer and antiviral vaccines.
Photocaged amino acids can activate enzymatic activity or protein
phosphorylation in living cells, photochemicaly, in a temporally and
spatially defined fashion.

The generation immunotoxins, antibody-based imaging agents,
antibody-DNA conjugates, and bispecific antibodies as well as
carrier—peptide conjugates with enhanced pharmacokinetics or targeted
activities.

Fluorescent amino acids can be used for in vitro and cellular imaging of
protein localization, biomolecular interactions, and conformational
changes with the ability to place these small probes at virtually any site in
the proteome.

Multidentate metal ion binding amino acids can enhance the protein’s
redox and hydrolytic activities.

Redox amino acids can be used as mechanistic probes of electron
transfer in enzymes, isotopically labeled amino acids as IR probes of
protein dynamics, and sterically modified amino acids as probes of ion
channel activation.

The mapping biomolecular interactions in cells and identifying orphan
ligands and receptors can be achieved by the use of photo-cross-linking
amino acids.
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Some Example of Incorporation of UNAA with Strategy

Incorporation of two UNAAs, Homoglutamine (hGln)

and O-methyl-L-Tyrosine (OMeTyr) into myoglobin:
Use of Four base and Amber nonsense codon

hGI OMe
& Suppression of
4-base and
ambercodon L
hGin
Full- Iength myoglobin with

UNAA, ppropargyloxy-phenylalanine (pPpa),
incorporation into Cypet-SUMO1 in
Escherichia coli.

Mutated M.
Janaschii  tyrosyl-
tRNA  synthetase Gl AGBA CAU BBl UAG s both unnatural amino acids
created to selectively incorporated
charge an amber A
suppressor tRNA 'f%? Read through
with pPpa. the triplet of N
4-base codon L“
—————————p A
GO AGG ACA UGG U UAG ~==e Truncated protein
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Figure 2.66: Schematic Presentation of incorporation of UNAA with strategy.
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Some Examples of Biologically Active Thiazole/Thiazoline/Oxazole-UNAA Containing Peptides
o - 5 S

-‘!N’\(_fLNJ‘ Rt *1 * —}, a»(f Yersiniabactin (PKS/NRPS)
ﬁ w

X= S, 0; R= HiMe m .4 1‘ - D‘i-' . b8_ \.,_Jl‘leJL_.:)—{
Structure of thiazole ' \© ) -

[0xazole containing 3
UNAA Thlostrepton (TOMM) Trunkamide (TOMM) Ritonavir (Synthetic)
j\ [n] o o
N N N N N N N N
VGIGGEGEGEGE N T g 6,06, z G~ ;rﬁ\su‘- ,J_ﬁjjka.uak ,Jlxckmfkasm
A\ e N N e ad N ]

Microcin B17 (TOMM)

Aok A A by At by A

Goadsporin (TOMM)

Figure 2.67: Some examples of biologically active peptides containing UNAA.
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Unnatural e/s--amino-L-proline and L-o ~diaminobutyric Acid and their Foldamer
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Figure 2.68: Some examples of peptide foldamers containing UNAA.

Joint initiative of 1ITs and 1ISc — Funded by MHRD

Page 93 of 99




NPTEL — Chemistry — Bio-Organic Chemistry

Some Applications of Unnatural Amino Acids

GeneticallyEncoded Radiolabeled UNAA
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Figure 2.69: Some applications of encoded UNAA.
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Some Applications

of Unnatural Amino Acids
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Figure 2.70: Some applications of UNAA.
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Autonomous Bacterium with a 21 Amino Acid Genetic Code :
Biosynthesis of Artificial Amino Acids in vivo

Schultz et al. have successfillv generated completely autonomous bacterium with a 21 amino acid
genetic code. Which was exploited for the biosynthesis of a nonstandard amino acid from basic carbon
gsources and incorporate this amino acid into proteins in response to the amber nonsense codon. Thus,
' their findings of such organisms may provide an opportunity to examine the evolutionary consequences
of adding new amino acids to the genetic repertoire, as well as generate proteins with new or enhanced
biological functions.

Puc From S. venezulae
papA papB panC Non-specific, from
' > ' E. coli
s s s
04,.0° 0. OH o)
0
PapA PapB Hansamnase
o 0— o 0 -
H
HO H fr‘ o HN HHJ OH HN H
chonsmic
acid paminophenylalaning

Glycan-Binding Proteins Evolution with a “Chemical
Warhead”, p-boronophenylalanine

Schultz et al. have recently demonstrated that a 21 amino acid code containing a genetically encoded
sulfotyrosine atforded a selective advantage in a phage-based system for the evolution of gpl120-binding
antibodies. Later on they were succesfull in designing unnatural amino acids containing *“*chemical
warheads™ and showed its advantage to the evolution of proteins that target specific functional groups.
Thus they have reported the generation of antibodies in an Escherichia coli strain containing unnatural
amino acid, p-boronophenylalanine. They have shown the evolution of glycan-binding proteimns in Boro-
X-E. coli.

Thus their novel findings might shed light for degsigning additional encodable unnatural amino acid that
can offer an evolutionary advantage which will drive a significant advancement toward the generation of

novel protein therapeutics that selectively target glycans, nucleophilic serine hydroxyl groups, and the
like using proteins with uniquely reactive unnatural amino acid side chains.
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Figure 2.71: Biosynthesis of artificial amino acids and the example of protein evolution with “Chemical
Warhead”.
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2.12. Assignments

1. Write down the structure of 22" natural amino acid, its 3 letter code and
single letter code.

2. Write down any one structure, name, 3-letter code and one letter code of
amino acid of each category: (a) Neutral amino acid with hydrophilic side
chain, (b) Acidic Amino Acid and (c) basic amino acid.

3. Name the main three types of protein’s secondary structures. Write down

the general structures of B*- and B%-amino acids.

What do you mean by genetic alphabet, genetic codon and genetic code?

Define the followings: (a) Chemical Biology, (b) Biochemistry, (c) Bio-

organic Chemistry, (d) Proteomics and (e) Glycobiology

6. Answer the followings:

6.1. If three different amino acids (gly, ala, leu) are used to make a

tripeptide, how many different sequences are possible?
(@) 6
(b) 9
(c) 3
(d) 12

6.2. The primary structures of methionine-enkephaline is: tyr - gly - gly -

phe — met. The N-terminal and the C-terminal amino acids
respectively are:-

(a) met- and gly-

(b) Tyr- and gly -

(c) tyr — and phe —

(d) tyr - and met-

6.3. Normal hemoglobin is apparently more polar and soluble in water
because of the presence of polar amino acid glutamic acid but
Sickle Cell hemoglobin is more non-polar and insoluble. The non-
polar amino acid present in Sickle Cell hemoglobin is-

(a) Isoleucine
(b) Leucine
(c) valine

(d) Alanine

6.4. The order of increasing polarity of the amino acids-Ser; Glu; Asp;

Lys; Ala; GIn is
(@) Ser > Glu > Asp > Lys > Ala > GIn
(b) Ser > Glu > Asp > Lys > GIn > Ala
(c) Glu > Ser > Asp > Lys > GIn > Ala
(d) Ala< Lys < Ser<Glu<Asp<GlIn

7. Explain the differences between primary, secondary, tertiary, and
guaternary protein structures by giving brief definitions of each. What types
of bonding are used in each?

8. Explain the difference between the alpha helix and the beta pleated sheet
protein structures. What are the differences in the hydrogen bonding?

ok
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9. Write down the structure of A, B, C and the absolute configuration of the
produced chiral aminoacid in the following scheme.

o O 0
i.LiOH
R%O LDA_ A} NBS (B] _NaNs o iHaPd-C R%OH
; NH,
\ A [D]
P

10.Why the solid phase peptide synthesis proceeds from C to N-terminus and
not N to C terminus synthesis?
11.What are the main applications of unnatural amino acids?
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