NPTEL T Chemistry 1 Bio-Organic Chemistry

1. 1. Overview of Bioorganic Chemistry

1.1.1.What is Biological Chemistry? Chemical Biology? And Bio-
Organic Chemistry?

Definition of Biological Chemistry:
Biological Chemistry is the understanding how biological processes are
controlled by underlying chemical principles.

Definition of Chemical Biology:
Chemical Biology is defined as the development and use of techniques of
chemistry for the study of biological phenomena.

Definition of Bioorganic Chemistry:

Bioorganic Chemistry can be defined as a branch of chemistry or broadly
speaking a branch of science which utilizes the principles, tools and techniques
of organic chemistry to the understanding of biochemical/biophysical process.

As for example, the classical chemistry of natural products with its
characteristic triad of isolation, structural proof and total synthesis is an evident,
but purely organic ancestor. Likewise, inquiry into the biosynthetic pathways for
the same natural products is plain biochemistry. But when the total synthesis of a
neutral product explicitly is based upon the known route of biosynthesis or if the
biosynthesis has been translated into structural and mechanistic organic
chemical language, one is clearly dealing with bioorganic chemistry.

Organic chemistry deals with:-Structure Design, synthesis, and kinetics
(physical organic).

1. Structure Design: It guides us of how potential the interaction between

structures and the biological partners.

2. Synthesis: Synthesis provides us with compounds which might be the
analogue or the mimic of natural species and may not have created in
sufficient quantity for investigation by nature.

3. Kinetics: Physical organic chemistry and analytical methodology provide
guantitative measures and intimate details of reaction pathways.

Biochemistry deals with study of life processes by means of biochemical
methodology.
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1.1.2.Wh at 6 s iftefrerece liztween Biological Chemistry and
Bio-Organic Chemistry?
All deal with interface of biology and chemistry, exchange of knowledge and
solution of problems.

Biology-Life:- Simple organics:

large macromolecules; e.g. HCN,
cells—contain ~ 100, 000 H,C=0
different interacting (l]_ll)no—

compounds functional)

Biologically relevant
organics: polyfunctional

Exchange of Ideas

Biology <=—=p Chemistry

Figure 1.1: Representation of ideas exchange between chemistry and biology.

Organic Chemistry:
1 Explains the events of biology:- mechanisms, rationalization, kinetics

Biological Chemistry:

1 Provides challenges to chemistry:- Design, synthesis, structure
determination

1 Inspires chemists: BiomimeticsY i mproved chemistry by und
biology.

1.1.3.Why the term Bio-organic Chemistry

As we discussed earlier, that the organic chemistry is related to the
development of methodology to synthesize organic molecules of biological
importance/analogues. However, not all the analogues are potent to have
response to/or with biological molecules. So, modification of synthesis is
necessary which is only possible from a thorough study of biological process, a
part of biochemistry.

On the other hand, knowledge of biochemistry gives the idea of what would
be useful to synthesis for a fruitful response which can only be possible via
organic chemistry.

Therefore, the need for the multidisciplinary approach become obvious and
there must have to have two laboratories-i) one for the synthesis and ii) another
for the biological study. Thus, knowledge of organic chemistry give rise to the
concept of building of organic models chemically synthesized in the laboratory to
study the complex biological processes.

Bioorganic chemistry is thus, a young and rapidly growing science arising
from the overlap of biochemistry and organic chemistry.
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1.1.4.Bio-organic Chemistry-A Borderline Science-lts Multiple
Origin:

1. Enzyme Chemistry: For some hydrolytic enzymes the catalyzed reaction
has been translated already into a series of normal organic reaction steps.
At the same time organic chemists are mimicking the characteristics of
enzyme catalysis in model organic reactions dealing with both the rate of
reaction and specificity.

Investigations, involving metalloenzymes and cofactors, the contiguous
areas of bioorganic and bioinorganic chemistry also merge.

2. Nutritional Research: Knowledge of biochemistry enables us to
recognize the factors essential in the human diet, and their structures and
syntheses with the help of organic chemistry led to the recognition of the
modes of action of the so-called vitamins and related cofactors, or
coenzymes.

3. Hormone Research: Secreted factors that exert a stimulatory effect on
cellular activity, the hormones, could be better understood at the
molecular level once their structure determinations and syntheses made
them available in reasonable amounts with the help of organic chemists.

4. Natural Products Chemistry: Concepts of the biogenesis of natural
products played, and continues to play, a major role in the development of
bioorganic chemistry. The classical chemistry of natural products with its
characteristic triad of isolation, structural proof and total synthesis is an
evident, but is a purely organic ancestor. Likewise, inquiry into the
biosynthetic pathways for the same natural products is plain biochemistry.
But when the total synthesis of a natural product explicitly is based upon
the known route of biosynthesis or if the biosynthesis has been translated
into structural and mechanistic organic chemical language, one is clearly
dealing with bioorganic chemistry.

5. Molecular Recognition: The term molecular recognition refers to the
specific interaction between two or more molecules through non-covalent
bonding such as hydrogen bonding, metal coordination, hydrophobic
forces, van deer Waals forces, pi-pi interactions, electrostatic and/or
electromagnetic effects and is purely physical organic chemistry origin.
The host and guest involved in molecular recognition exhibit molecular
complementarities. Molecular recognition plays an important role in
biological systems and is observed in between receptor-ligand, antigen-
antibody, DNA-protein, sugar-lectin, RNA-ribosome, etc. An important
example of molecular recognition is the antibiotic vancomycin that
selectively binds with the peptides with terminal D-alanyl-D-alanine in
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bacterial cells through five hydrogen bonds. The vancomycin is lethal to
the bacteria since once it has bound to these particular peptides they are
unable to be used to cons tTherefore, the
composite term, biophysical organic chemistry, has been used as a
detailed descriptor in molecular recognition.

6. Protein Chemistry (sequencing) vs. Application of Reagents: A simple
chemical applied according to a well recognized concept can be
responsible for a great advance in biological chemistry. Thus, through the
reaction of cyanogens bromide, Bernhard Witkop translated neighbouring
group participation into selective, limited, non-enzymatic cleavage at
methionine in a peptide chain.

7. Reagents vs. Modern Biotechnology: Application of the reagent has
aided not only the correct sequencing of peptide segments of many
proteins but also the production, through genetic engineering, of human
insulin by means of a methionyl-containing precursor version at each step
provides the basis of modern biotechnology: the, automated synthesis of
polypeptide and polynucleotide chains and the sequencing of DNA and
RNA.

Therefore, as organic chemists, we use chemically-based biotechnology and
continue to add other techniques that are not only applicable but in some cases
requisite: fluorescence sorting and probing; recombinant DNA technology;
cloning; plasmid construction. Organic chemistry approaching 100% con-
combinatory procedures; the polymerase chain reaction (PCR); all of the latest
separation and spectroscopic methodology with computer analysis; and the
generous use -- as reagents -- of bacteria, fungi, enzymes, whole cells, and
ground liver microsomes, inter alia.

1.1.5.Inter-Disciplinary Area between Chemistry and Biology

1.1.5.1. Biologically Relevant Small Molecules:
One such example is caffeine: Caffeine's principal mode of action is as an
antagonist of adenosine receptors in the brain: related to bases.
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Figure 1.2: Chemical Structure of Caffeine and Adenosine

[Antagonist:- An antagonist is a character, group of characters, or an
institution, which represents the opposition against which the protagonist
must contend. In other words, 'A person, or a group of people who oppose the
main character, or the main characters. In the classic style of story where in
the action consists of a hero fighting a villain, the two can be regarded as
protagonist and antagonist, respectively. The antagonist may also represent a
major threat or obstacle to the main character by their very existence, without
necessarily actively targeting him or her.

The stimulation of Al adenosine receptors inhibits adenylcyclase and
decreases intracellular cyclic AMP. The inhibition of these receptors leads to
the opposite effect, i.e. an increase in adenylcyclase activity. Caffeine has the
selective ability to antagonize the actions of adenosine.]

1.1.5.2. Cofactor Chemistry T Pyridinium lons (e.g. NADH):
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Figure 1.3: Chemical Structure of NAD and NADH

Joint initiative of 1ITs and 11Sc T Funded by MHRD Page 5 of 85



NPTEL T Chemistry 1 Bio-Organic Chemistry

1.1.5.3. Biomimetic Chemistry (e.g. Simplified Model of NADH):
Inspiration from Biology:

1.1.5.3.1. Introduction
The inspiration from the flow of information from biology into chemistry
give rise to a new chemistry based on the principles used by Nature is
defined by Ronald Bres| ow as ibi omi mActording to lhie mi stryo
definition: "In biomimetic chemistry, we take what we have observed in nature
and apply its principles to the invention of novel synthetic compounds that can
achieve the same goals é As an lageal ogy, W
versions of birds when we invented airplanes, but we did take the idea of the
wing from nature, and then used the aerodynamic principles in our own way
to build a jumbo jet.o

1.1.5.3.2. Lession from Biological Action of Coenzyme
Thiamine Unit:

1.1.5.3.2.1. Biological role of coenzyme thiamine diphosphate:
Coenzyme thiamine diphosphate catalyzes the reactions such as that in
pyruvate decarboxylase, a process for which very unusual catalysis would be
needed.

Mechanistic insights from Chemistry: It was discovered that the
unsuspected chemistry associated with thiazolium ring is responsible for such
type of catalysis. The proton on carbon 2 of the thiazolium ring can be fairly
readily removed to generate a zwitterion that is the catalytic species derived
from thiamine diphosphate (Fig. 4). It was shown that this was the species
that catalyzed model reactions for the enzymatic process, in what was the
likely process by which thiamine diphosphate operated biologically.
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Figure 1.4: The thiazolium ion loses a proton at C-2 to form a zwitterion that has a carbene resonance form.
This resonance hybrid species is the catalytic form in biochemical reactions catalyzed by thiamine
diphosphate.

The stability of this species was explained in terms of a second resonance
form, a carbene, and that many other heterocyclic cationic systems could also
form a related species.

Application to Chemical World: Carbenes and Metathesis: In the 50
years since that time, many others have used such zwitterion/carbene
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species to catalyze chemical reactions and also to serve as ligands for metal
ions in important catalytic processes. For example, such a species is the
preferred ligand in the metathesis catalyst that was part of the work winning
Robert Grubbs a recent Nobel Prize in chemistry. Thus, we saw information
transfer in both directions. The work by Ronald Breslow with a chemical
model system made it clear how a thiazolium salt such as thiamine could
catalyze the biological reactions, and indeed, this turned out to be the correct
mechanism for the biochemical process. At the same time, the discovery of
this hitherto unsuspected species led to unprecedented chemistry and new
and useful catalytic reactions.

1.1.5.3.2.2. Why Nature had selected the normal DNA
structure?

Background from Biology: A study of cleavage of RNA by enzyme
models, showed that the cleavage was accompanied by simultaneous
isomerization of the natural 3',5'-linked RNA to its 2',5'-linked isomer. It is also
established that ribonucleosides are converted to deoxyribonucleosides by a
biochemical process that removes the 2'-hydroxyl group, and that could have
removed the 3'-hydroxyl group instead with a different enzymatic preference.
These observations raised the question of whether there is some intrinsic
chemical preference for the natural structure of DNA, with its phosphate links
joining the 3' and 5' positions of adjacent bases. Is the current preference
simply an accident of evolution, or is there an intrinsic disadvantage to the
use of a 3'-deoxy 2',5'-linked analog of natural DNA?

Application of Chemical synthesis to Answer: Professor Breslow and
his group in 19906s have prepared DNA i son
deoxynucleosides, and which have the unnatural 2',5'-links, called iso-DNA.
However, they observed that iso-DNA makes a much weaker double helix
with its conjugate, or with the conjugate based on normal DNA, because the
helix has more hydrophobic surface exposed to solvent. Thus, it is not a
suitable substitute for normal DNA as a genetic material, and organisms that
may have tried it would not be competitive. However, iso-DNA does make a
strong heteroduplex with normal RNA, reflecting the conformation of the
ribose ring relative to that in deoxyribose.

Joint initiative of 1ITs and 11Sc T Funded by MHRD Page 7 of 85



NPTEL T Chemistry 1 Bio-Organic Chemistry

(a) \Hz ) NH,
B B
Ko A

| |
o N NH, o N NH,
(@] (0]
0 (0]
e U
Normal DNA Iso-DNA
3',5'-linked DNA 2'5'-linked DNA

Figure 1.5: Chemical Structures of (a) natural 3', 5'-linked DNA and (b) unnatural 2', 5'-linked iso-DNA.
1.1.5.3.2.3. Lesson from Enzyme biology

Many inspiring principles were received from enzyme biology. As for an
example geometry can dominate chemical reactivity. A good example is the
conversion of lanosterol to cholesterol, in which three inactivated methyl
groups are oxidatively degraded by enzymes of the class cytochrome P-450
while the much more reactive double bonds of lanosterol are left untouched
until later (Fig. 6).
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Figure 1.6: Conversion of lanosterol to cholesterol, showing oxidative degradation of three inactivated
methyl groups by enzyme, cytochrome P-450.

1.1.5.3.2.3.1. Development of Remote Oxidation in Chemistry

The oxidation by cytochrome P-450 inspired chemists to develop
processes called remote oxidation, in which the reagents and templates are
attached to substrates that could reach far from their attachment point (from
ring A of the steroid all the way to ring D at the other end) and perform
selective reactions on particular spots because of the geometry imposed by
the attached reagent or template. In the enzyme mimic, Breslow and his
group have synthesized a metalloporphyrin carrying cyclodextrin groups that
would reversibly bind substrates such as steroids. These mimics of
cytochrome P-450 performed selective oxidations that are of practical
interest, with thousands of turnovers. The result was selective oxidation of
particular Ci H bonds that was possible only with natural biological enzymes.
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Characteristic features and results of reactions done by the enzyme
P450 mimic:

1. Metalloporphyrins with attached cyclodextrin groups can bind
various steroid derivatives and catalyze their selective
hydroxylations.

2.  The selectivity observed are consistent with molecular and computer
models of the complexes.

3. In the best cases, hundreds and even thousands of catalytic
turnovers of the selective reactions can be achieved.

4.  The geometries of the complexes override intrinsic reactivities
preventing oxidation of an otherwise reactive secondary carbinol or
of a carbon-carbon double bond. This mimics selectivity effects
typically seen only in enzymatic reactions.

5. The catalytic selective hydroxylation at carbon 9 in an androstane
derivative provides entry into potential corticosteroid precursors.

Cytochrome P450 Mimic Mode of Remote Oxidation by Cyclodextrin
Cyclodextrin linked porphyrin-Metl-Complexes conjugated Metalloporphyrin

OxidisablePosition of Substrate

Cyclodextrin Binding Group
Binding Pockets of Substrate

Linker

Figure 1.7: An artificial cytochrome P450 that hydroxylates inactivated carbons with regio- and
stereoselectivity and useful catalytic turnovers.
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Figure 1.8: Hydroxylation of inactivated carbons with regio- and stereoselectivity and useful catalytic
turnovers by an artificial cytochrome P450.

1.1.5.3.2.3.2. Selective Oxygenation of Saturated C-H Bonds

by a Dimanganese Catalyst:

Although enzymes often incorporate molecular recognition elements to
orient substrates selectively, such strategies are rarely achieved by synthetic
catalysts. Robert H. Crabtree, Gary W. Brudvig, et. al. combined molecular
recognition through hydrogen bonding with C-H activation to obtain high-
turnover catalytic regioselective functionalization of sp3 C-H bonds remote
from the i COOH recognition group. The catalyst contains a Mn(m-0)2Mn
reactive center and a |igand ba€@H on Kemj
group to anchor the carboxylic acid group of the substrate and thus modify
the usual selectivity for oxidation. Control experiments supported the role of
hydrogen bonding in orienting the substrate to achieve high selectivity.
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Figure 1.9: The intermediate, resulting from H-atom abstraction from C6 of 3 in a distorted chair conformation
with its Manganese complex (Gray: C, blue: N, magenta: H, red: O, purple: Mn)

1.1.5.3.2.3.3. Enzyme Models for Transamination

1.1.5.3.2.3.3.A. Introduction: Transamination

f Interchange of the functional groups between a U-keto acid and one amino
acid.
1 ENZYMES THAT CATALYZE THESE REACTIONS:
0 Aminotransferases or transaminases
1 REQUIRED COFACTOR
o Pyridoxal Phosphate: Pyridoxal Phosphate is the active form of
Vitamin B-6. This vitamin has three active forms: pyridoxal,
pyridoxine (or piridoxol) and pyridoxamine. Sometimes pyridoxine is
used as synonym of Vitamin B6.
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1.1.5.3.2.3.3.B. The Mechanism of Transamination

(T STt N )
:TheTransamination R eaction:

Amino Acid + Enzyme —————— a-Keto Acid + Enzymei NH,:

: Enzymei NH, + a-Ketoglutarate Enzyme + Glutamate

O 0 : 0 0 :
Transaminase -
R + R? RY + R?:
HO HO HO HO ;
o NH, NH, [e) '
The Enzyme Cofactor I nvolved in Transamination:
OH
’ H o NH,
H,C o ~c® o H,C”
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; OH OH OH
. HO | A Ho—R~o0 j A Ho—R~0 | X
+2 OH +2 OH +2
I}l CHg l?l CH, I}l CHs
H H H ;
Pyridoxine Pyridoxal-5'-P Pyridoxamine-5'-P
(Vitamin Bg) (PLP) (PMP)

Figure 1.10: Mechanism of Transamination reaction.

1.1.5.3.2.3.3.C. Participation of Pyridoxal Phosphate in the
Mechanism of Transamination

Pyridoxal Phosphate acts as intermediary in the reaction:

a) First, it takes the amino group of the original amino acid (amino acid 1),
and gives the oxygen to the carbon skeleton of the amino acid, yielding a
U-ketoacid (U-ketoacid 1). Pyridoxal Phosphate becomes Pyridoxamine
Phosphate in the process.

b) In the second part of the reaction, the Pyridoxamine Phosphate gives the
amino group to a ketoacid (ketoacid 2), yielding a new amino acid (amino
acid 2) while the pirydoxal phosphate is regenerated.

Amino Acid-1 + Pyridoxal Phosphate -«—Ketoacid-1 + Pyridoxamine Phosphate

Pyridoxamine Phosphate + Ketoacid-2 <«—s= Amino Acid-2 + Pyridoxa Phosphate

Amino Acid-1 + Ketoacid-2 <«— Ketoacid-1 + Amino Acid-2
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1.1.5.3.2.3.3.D. Important couples in Transamination reactions:

1 When the amino acid transaminated is Alanine it yields the ketoacid
Pyruvate (and vice-versa)

1 When the amino acid transaminated is Aspartate, the reaction yields the
ketoacid Oxalacetate (and vice-versa)

1 When the amino acid transaminated is Glutamate, the reaction yields the
ketoacid U-ketoglutarate

1.1.5.3.2.3.3.E. Importance of Transamination

f  Funneling the a-amino group of amino acids to U-keto glutarate to get
glutamate (glutamate plays a central role in Nitrogen metabolism).

1 Synthesis of non essential amino acids

1 Interconnection between amino acid metabolism and Krebs Cycle.

The following reaction is a very good example of these three former
observations:

a-Amino Acid + a-Ketoglutarete «— a-Ketoacid + Glutamate

1.1.5.3.2.3.3.F.  Clinical Importance  of  Transaminases
(Aminotransferases) study:

1 Since amino transferases are intracellular enzymes, abundant in hepatic
and cardiac tissues, serum aminotransferases such as serum glutamate-
oxaloacetate-aminotransferase (SGOT) (also called aspartate
aminotransferase, AST) and serum glutamate-pyruvate
aminotransferase (SGPT) (also called alanine transaminase, ALT)
classically have been used as clinical markers of these tissue damages,
with increasing serum levels indicating an increased extent of damage.
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Figure 1.11: Natureds strat egy acidebyssingtpyridexandine ph@sphateacoenzyme to perform
a transamination with a keto acid.

1.1.5.3.2.3.3.G. Artificial Enzyme for Transamination

Nature taught us how to synthesize amino acids by using pyridoxamine
phosphate coenzyme to perform a transamination with a keto acid. Therefore, R.
Breslow and others have studied models for such reactions. Thus, they have
constructed a model enzyme system for the process by using a hydrophobic
derivative of pyridoxamine as the coenzyme mimic and a polyamine with an
added hydrophobic core as the enzyme mimic. The coenzyme bound into this
nonpolar region, and the substrates as well bound into it, especially if they
carried hydrophobic groups, as Iin the Kketo acid that formed DL-
alanine/phenylalanine and other enantiomerically pure L-aminoacids. (Lei Liu
and Ronald Breslow J. Am. Chem. Soc., 2002, 124 (18), pp 4978i 4979).
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Figure 1.12: Polyethyleneimine linked pyridoxamine as artificial transaminase enzyme mimic

The amination of ketoacids to amino acids by pyridoxamine is greatly
accelerated when the pyridoxamine is covalently linked to polyethylenimine
carrying N-methyl and N-lauryl groups. The polyamine catalyzes the reaction
using acid and base groups, the lauryl groups increase k, by producing a
nonpolar medium in which the reaction occurs, and the lauryl groups promote
binding of hydrophobic substrates. The result is that the amination of
indolepyruvic acid to produce tryptophan is accelerated by 240000-fold. (Lei Liu,
Mary Rozenman, and Ronald Breslow J. Am. Chem. Soc., 2002, 124 (43), pp
126601 12661).

O
N OH NH,
| ~ o OH
HO™ N + \ — o)
N \
PEI Indolepyruvic acid H
Tryptophan
Transaminase Enzyme Mimic
Pyridoxamine is covalently linked to
polyethylenimine
carrying N-methyl and N-lauryl
groups 4

Figure 1.13: Polyethyleneimine carrying N-methyl and N-lauryl groups linked pyridoxamine as artificial
transaminase enzyme mimic.

PAMAM dendrimers from generation s 11 6 wer e synt hesi ze
pyridoxamine in their core. They transaminated pyruvic and phenylpyruvic acids
i n water t o al ani ne and phenyl al anine, rec

kinetics and high effectiveness compared with simple pyridoxamine. The largest
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dendrimers —similar in size to some globular proteins —were comparable in
effecti veness to a previous polyethylenimine (
a proteinipyridoxamine catal yst, but not
PEITpyridoxamine carrying | auryl hydrophobic
both general acid/base catalysis by their amino groups and hydrophobic binding

of the phenylpyruvate substrate.

(] H_ NH3
H
Me’ OH — Me><n/°
o o
Pym\nc Acid Alanine
Phenylpyruvlc acid Tryptophan

Figure 1.14: PAMAM dendrimers linked pyridoxamine catalyst as artificial transaminase enzyme mimic.

Isotactic polyethylenimines with (S)-benzyl side chains were synthesized
from 4-(S)-4-benzyl-2-0o x az ol i n e s -keto Wikigsn werd) subjected to
transamination in the presence of this polymer, and a pyridoxamine coenzyme
modified with hydrophobic chains, enantioselectivity toward the natural isomer (I
> d) was observed, followed by racemization of the amino acid products.
However, the racemization did not occur when the coenzyme was covalently
attached to the polymer. (Subhajit Bandyopadhyay, Wenjun Zhou, and
Ronald Breslow Org. Lett., 2007, 9 (6), pp 10091 1012)

(o]

Coenzyme

Figure 1.15: Isotactic polyethylenimines induce formation of L-Amino Acids in transamination.

Natural enzymes are macromolecules, but most enzyme models are small
molecules. To mimic the role of the macromolecular character of enzymes in
catalysis, we have recently studied some polymeric and dendrimeric enzyme
models. We found a great increase of transamination rate for the
pyridoxamine/ketoacid system when we covalently linked pyridoxamine to
polyethylenimine (PEI) carrying some attached lauryl groups, or covalently
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located one pyridoxamine unit at the core of poly(amidoamine) (PAMAM)
dendrimers.
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Figure 1.16: Noncovalent polymer-pyridoxamine systems as better transaminase mimics

In our polymeric and dendrimeric mimics the pyridoxamine cofactor was
covalently attached to PEI or PAMAM. However, in the real transaminases the
pyridoxamine cofactor forms a noncovalent complex with the enzyme protein
matrix. Thus we have now developed some noncovalent polymer-pyridoxamine
systems as better transaminase mimics, in which the coenzyme reversibly binds
into the polymer. We find that they are even more potent than the covalently
linked analogues, since they bind into the hydrophobic region of the polymer.
Furthermore, we have now developed a novel catalytic cycle that recycles the
pyridoxal cofactor to the pyridoxamine, and for the first time achieves high
turnovers in transamination in such enzyme mimics.

The transaminase activity of two new semi-synthetic RNase-S proteins
incorporating a pyridoxamine moiety at the active site has been evaluated. A
chemically competent derivative of pyridoxamine phosphate was incorporated
into the C-peptide fragments of these non-covalent protein complexes in the form
of an unnatural coenzyme-amino acid chimera, 'Pam'. The chimeric Pam residue
integrates the heterocyclic functionality of pyridoxamine phosphate into the side
chain of an alpha-amino acid and was introduced instead of Phe8 into the C-
peptide sequence via standard solid phase methodology. The two semi-synthetic
Pam-RNase constructs were designed to probe whether the native ribonuclease
catalytic machinery could be enlisted to modulate a pyridoxamine-dependent
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transamination reaction. Both RNase complexes, H1SP and S1SP, exhibited
modest rate enhancements in the Cu(ll)-assisted transamination of pyruvate to
alanine under single turnover conditions, relative to 5'-deoxypyridoxamine and
the uncomplexed C-peptide fragments. Furthermore, multiple turnovers of
substrates were achieved in the presence of added L-phenylalanine due to
recycling of the pyridoxamine moiety. The modest chiral inductions observed in
the catalytic production of alanine and the differences in reactivity between the
two proteins could be rationalized by the participation of a general base (His12)
in complex H1SP, and by the increased tolerance for large amino acid substrates
by complex S1SP, which contains serine at this position. The pyridoxamine-
amino acid chimera will be useful in the future for examining the coenzyme
structure/ function relationships in a native-like peptidyl architecture.
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Figure 1.17: (a) Structures of intermediates in the Cu(ll)-assisted transamination of pyruvate to alanine by Pam-
containing peptides; (b)Structures of the pyridoxal (Pal) and pyridoxamine (Pam) coenzymeiamino acid
chimeras, and deoxypyridoxamine (DPam); (c)Enantioselective production of alanine in the transamination of
pyruvate, due to selective protonation of a particular face of the Pam-aldimine carbanion intermediate.

1.1.5.3.2.3.4. Models for Nicotinamide Dehydrogenase Reactions

Introduction: Although enzymatic dehydrogenation reactions involving
nicotinamide coenzymes have been studied extensively, there remains
considerable controversy as to the molecular mechanism of hydrogen transfer in
these reactions. The overall reaction accomplishes direct hydrogen transfer
between the substrate and the 4-position of the coenzyme's nicotinamide ring
(Figure 1.18).

Joint initiative of 1ITs and 11Sc T Funded by MHRD Page 18 of 85



NPTEL T Chemistry 1 Bio-Organic Chemistry

Figure 1.18: Nicotinamide coenzymes mediated H-transfer reaction

Nicotinamide coenzymes are involved in enzymatic reactions that interconvert
alcohols, amines or activated methylene compounds with ketones, imines or
olefins respectively. The chemistry of these interconversions tends to be very
rapid. In fact, in some cases the rates of hydrogen transfer surpass those of
product release from the enzyme. Thus far, three types of mechanisms have
been proposed for hydrogen transfer in these reactions:

1. Direct bimolecular hydride transfer, in which the hydrogen nucleus and
both electrons are transferred as a single unit.

2. Free radical mechanisms in which the hydrogen is transferred as two
hydrogen atoms or as electrons and protons in separate steps.

3. Mechanisms involving covalent intermediates in which the coenzyme and
substrate become covalently linked and the electrons are transferred
through the covalent bonds while the hydrogen is transferred as a proton.

Each of these mechanisms has its proponents, however, none is generally
accepted. The hydride and radical mechanisms can be ruled out on the basis of
the facility of enzyme reactions. Pathways involving covalent intermediates solve
the problem of high activation energies by employing equilibrium controlled
addition-elimination and proton transfer reactions. The mechanism proposed by
Hamilton is shown in Figure 19. The proposed mechanism is very similar to
retro-ene reactions that are known to occur with allyl ethers.
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Figure 1.19: Proton transfer and oxidation of alcohol to ketone by Nicotinium ion.
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1.1.5.3.3.2.3.5. Bioreductants and their inspired
organoreductants: Chemical mechanisms relevant to catalysis
(e.g. NADH)

Some Examples of Bioreductant:
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Figure 1.20: Some examples of bioreductants.

1.1.5.3.3.2.3.5. A. Hantzsch Ester (Hantzsch dihydropyridine)- a
NADH Model:

1. Hantzsch esters reduce imine derivatives.
2. Hantzsch esters effectively reduce electrophilic olefins.
3. Nitro- and carbonyl alkene reductions
(a). b-nitroalkene derivatives
(b). U-b-Unsaturated aldehydes and ketones
4. Lewis acid catalyzed Hantzsch reactions
(a). Olefin reduction with SiO2
(b).Reductive amination using Sc(OTf)3 and LiCIO4
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Figure 1.21: Hantzsch ester (Hantzsch dihydropyridine)- a NADH Model and its reactions.

Joint initiative of 1ITs and 11Sc T Funded by MHRD Page 21 of 85



