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17.2: Pyridoxal Phosphate (Vitamin B6)

The coenzyme pyridoxal phosphate (commonly abbreviated PLP) is the active form of vitamin Bg, or pyridoxine.
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PLP is required for over 100 different reactions in human metabolism, primarily in the various amino acid biosynthetic and
degradation pathways. The essential function of PLP is to act as an 'electron sink’, stabilizing a negative formal charge that
develops on key reaction intermediates. Some of reactions will be familiar to you from chapter 12 and 13 we will see examples, for
instance, of -dependent ai-carbon racemization, as well as aldol- and Claisen-type reactions. Other reactions will be less familiar:
for example, the participation of allows for decarboxylation of amino acids, a chemical step which would be highly unlikely
without the coenzyme, and PLP is also required for a very important class of biochemical transformation called 'transamination', in
which the amino group of an amino acid is transferred to an acceptor molecule. Before we dive into the reactions themselves,
though, we need to begin by looking at a key preliminary step that is common to all of the PLP reactions we will see in this section.

PLP in the active site: the imine linkage

The common catalytic cycle of a PLP-dependent enzyme begins and ends with the coenzyme covalently linked to the enzyme's
active site through an imine linkage between the aldehyde carbon of PLP and the amine group of a lysine residue (see section 10.5
to review the mechanism for imine formation). For a PLP-dependent enzyme to become active, a PLP molecule must first enter the
active site of an enzyme and form an imine link to the lysine. This state is often referred to as an internal aldimine.
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The first step of virtually all PLP-dependent reactions is transimination (section 10.5), as the amino group on the amino acid
substrate displaces the amino group of the enzymatic lysine. This state - where the coenzyme is covalently linked to the substrate or
product of the reaction - is often referred to as an external aldimine.
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With the preliminary transimination accomplished, the real PLP chemistry is ready to start. The versatility of PLP in terms of its
ability to assist with a wide variety of reaction types is illustrated by the figure below, showing how, depending upon the
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reaction/enzyme in question, PLP can assist in the cleavage of any one of the four bonds to the a-carbon of the amino acid
substrate.
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Let's look first at the reaction catalyzed by PLP-dependent alanine racemase. (EC 5.1.1.1).

PLP-dependent amino acid racemization

In section 12.2 we saw an example of a PLP-independent amino acid racemization reaction, in which the negatively-charged
intermediate was simply the enolate form of a carboxylaten:
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Many other amino acid racemase reactions, however, require the participation of PLP.

Like all other PLP-dependent reactions that we will see in this section, PLP-dependent amino acid racemization begins with a
preliminary step in which the substrate becomes attached to the coenzyme through a transimination. Once it is linked to PLP in the
active site, the a-proton of an amino acid substrate is abstracted by an active site base (step 1 below). The negative charge on the
carbanion intermediate can, of course, be delocalized to the carboxylate group. The PLP coenzyme, however, provides an expanded
network of conjugated m-bonds over which the electron density can be delocalized all the way down to the PLP nitrogen. This is
what we mean when we say that the job of PLP is to act as an ‘electron sink’: the coenzyme is very efficient at absorbing, or
delocalizing, the excess electron density on the deprotonated c:-carbon of the reaction intermediate. PLP is helping the enzyme to
increase the acidity of the a-hydrogen by stabilizing the conjugate base. A PLP-stabilized carbanion intermediate is commonly
referred to as a quinonoid intermediate. Note that in the overall reaction equation below, PLP appears below the reaction arrow in
brackets, indicating that it participates in the mechanism but is regenerated as part of the reaction cycle.

PLP-dependent amino acid racemization:

H R HR
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term in brackets means that the coenzme participates in
catalysis but is regenerated as part of the reaction cyele

Mechanism:

Preliminary step - transimination
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Second step - reprotonation from the opposite side:
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Just as in the PLP-independent racemase reactions, reprotonation occurs on the opposite side of the substrate (step 2), leading to the

D-amino acid product.

All that remains is the final imine exchange which frees the D-amino acid product and re-attaches the coenzyme to the enzymatic

lysine side-chain, ready to begin another catalytic cycle.

To simplify matters, from here on we will not include the preliminary and final transimination steps in our PLP reaction figures -
we will only show mechanistic steps that occur while the substrate is attached to the coenzyme (the internal aldimine forms).

https://chem.libretexts.org/@go/page/106400


https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://chem.libretexts.org/@go/page/106400?pdf

LibreTextsm

PLP-dependent decarboxylation

In the amino acid racemase reaction above, PLP assisted in breaking the a.-carbon to a-proton bond of the amino acid. Other PLP-
dependent enzymes can catalyze the breaking of the bond between the a-carbon and the carboxylate carbon by stabilizing the
resulting carbanion intermediate: these are simply decarboxylation reactions.

PLP-depended amino acid decarboxylation:
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Notice something very important here: while in racemization reactions the assistance of PLP can be seen as 'optional’ (in the sense
that some racemase enzyme use PLP and others do not), the coenzyme is essential for amino acid decarboxylation steps. Without
PLP, there is no way to stabilize the carbanion intermediate, and decarboxylation is not a chemically reasonable step.
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One example of a PLP-facilitated decarboxylation reaction is the final step in the lysine biosynthesis pathway: (EC 4.1.1.20).
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Draw mechanistic arrows for the carbon-carbon bond-breaking step of the PLP-dependent
decarboxylation reaction above.

@ 0 a @ 17.2.4 https://chem.libretexts.org/@go/page/106400


https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://chem.libretexts.org/@go/page/106400?pdf

LibreTextsw

PLP-dependent retroaldol and retro-Claisen cleavage

(It would be a good idea before reading this section to review aldol/retro-aldol and Claisen/retro-Claisen reaction mechanisms in
sections 12.3 and 13.3, respectively)

So far we have seen PLP playing a role in breaking the bond between the a-carbon and its a.-proton (in the racemization reaction),
and the bond between the a-carbon and carboxylate carbon (in the decarboxylation reaction).
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Other PLP-dependant enzymes catalyze cleavage of the bond between the a-carbon and the first carbon on the amino acid side
chain, otherwise known as the S-carbon. In the serine degradation pathway, serine is first converted to glycine by a retro-aldol
cleavage reaction. (). Although a reasonable mechanism could be proposed without the participation of PLP, this reaction in fact
requires the coenzyme to assist in stabilization of the negative charge on the carbanion intermediate.

A PLP-dependent retro-aldol cleavage reaction

(serine hydroxymethyl transferase, EC 2.1.2.1)
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Note that, in this reaction just as in the racemase reaction described previously, the key intermediate is a PLP-stabilized carbanion,
or quinonoid.

What happens to the (toxic!) formaldehyde produced in this reaction? We will see later in this chapter how the serine
hydroxymethyltransferase enzyme goes on to use another coenzyme called tetrahydrofolate to prevent the formaldehyde from
leaving the active site and causing damage to the cell.

PLP also assists in retro-Claisen cleavage reactions (section 13.3), such as this step in the degradation of threonine. (EC 2.3.1.29)

A PLP-dependent retro-Claisen reaction:
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Notice how, like the retro-aldol reaction, the bond between the a-carbon and the -carbon of the amino acid substrate is broken (in
step 1b).

PLP-dependent transamination

One of the most important reaction types in amino acid metabolism is transamination, in which an amino group on a donor
molecule (often an amino acid) is transferred to a ketone or aldehyde acceptor molecule.

A transamination reaction:
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Mechanism:
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Once again, step 1 is abstraction of the a-proton from the PLP-substrate adduct. However, in a transaminase reaction this initial
deprotonation step is immediately followed by reprotonation at what was originally the aldehyde carbon of PLP (step 2 above),
which results in a new carbon-nitrogen double bond (in other words, an imine) between the a-carbon and the nitrogen atom of the
original amino acid. The repositioned imine group is then hydrolyzed (step 3 above), breaking the carbon-nitrogen bond,
transferring the amino group to the coenzyme, and releasing an a-keto acid.

The coenzyme, which now carries an amine group and is called pyridoxamine phospate (P M P), next transfers the amine group to
a-ketoglutarate (to form glutamate) through a reversal of the whole process depicted above.

Transamination reaction, phase 2

(transfer of amino group from coenzyme to acceptor molecule)

NH, =N
PO H0 oP
OH R R f
| S + 2\[r * e on
@z o ®_ =
N" “Ch PG
H H
pyridoxamine phosphate product-PLP adduct
(PMPF)

Mechanism:
see exercise below

In a transamination reaction, the PLP coenzyme not only provides an electron sink, it also serves as a temporary 'parking place' for
an amino group as it is transferred from donor to acceptor.

Show a complete, step-by-step mechanism for ‘phase 2' of the transamination reaction above.

Here is an example of a transamination reaction in the arginine biosynthesis pathway: EC 2.6.1.11
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a. Draw arrows for the first mechanistic step of 'phase 2' of the above transaminase reaction.
b. Which carbon on the substrate side of the reaction will eventually become the a-carbon of arginine?

? Exercise 17.2.4

Propose a pathway, with three enzymatic steps, for the biosynthesis of serine from 3-
phosphoglycerate. INClude a generalized (‘-ase’) enzyme name for each step. Glutamate plays a
role in the process as an amino group donor.

. /OP OH
a R — @ )
HO™ coS H:N"™ ~Co,
3-phosphoglycerate serine

PLP-dependent beta-elimination and B-substitution

(Before starting this section, it would be a good idea to review E1cb B-elimination and conjugate addition reaction mechanisms in
section 13.4)

By now it should be pretty apparent that PLP is a pretty versatile coenzyme! Two more reaction types in the PLP toolbox are (-
elimination and S-substitution on amino acid substrates.

In a PLP-dependent S-elimination reaction, the coenzyme simply helps to stabilize the carbanion intermediate of the Elcb
mechanism:

PLP-dependent $B-elimination reaction
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Serine dehydratase (EC 4.2.1.13) catalyzes a PLP-dependent B-elimination in the first step of the serine degradation pathway:
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A [-substitution reaction is simply E1cb elimination followed directly by the reverse reaction (conjugate addition) with a different
nucleophile (Y in the figure below):

A [-substitution reaction:
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In many bacteria, the synthesis of cysteine from serine includes a PLP-dependent B-substitution step (EC 2.5.1.47).
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Draw a mechanism for the conjugate addition phase of the reaction above (end with the
cysteine-PLP adduct).

PLP-dependent ~-elimination and ~-substitution reactions

The electron sink capability of PLP allows some enzymes to catalyze eliminations at the y-carbon of some amino acid side chains,
rather than at the S-carbon. secret to understanding the mechanism of a y-elimination is that PLP essentially acts as an electron sink
twice - it absorbs the excess electron density from not one but two proton abstractions.

7-elimination

X XH
g
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b CO; 2y, €02
= [PLF]
NH3 NH3

Mechanism:
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In a familiar first step, the a-proton of the amino acid is abstracted by an enzymatic base, and the electron density is absorbed by
PLP. Next comes the new part - before anything happens to the electron density from the first proton abstraction, a second proton,
this time from the B-carbon on the side chain, is abstracted, forming an enamine intermediate (step 2). The phenolic proton on the
pyridoxal ring of PLP donates a proton to the nitrogen. step 3, the leaving is expelled and a new 7-bond forms between the 8 and y
carbons (step 3). This m-bond is short-lived, however, as the electron density from the first proton abstraction, which has been
'stored' in PLP all this time, flows back up to protonate the a-carbon (step 4), leaving the -y-elimination product linked to PLP via
the usual imine connection.

An example is the cystathionine ~-lyase reaction in the methionine degradation pathway (EC 4.4.1.1):

@
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[PLP] | COz
NH SH
QH:; Pl

cysteine

A related reaction is PLP-dependent y-substitution, which again is simply «y-elimination of a leaving group (X in the figure below)
followed directly by the reverse process (a «y-addition) with a different nucleophile ('Nu' in the figure below).

PLP-dependent ~y-substitution:

g X YH XH Y
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Mechanism:

@ 0 a @ 17.2.10 https://chem.libretexts.org/@go/page/106400


https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://chem.libretexts.org/@go/page/106400?pdf

LibreTextsm

I-r":B
|
v
|) cod
|
N
(o]] H .
| CD step 4
16l
H
steps 1,2, 3 from fig 27 step 6
X
A
]
CO2 [rcogy
N
# N
oP op 2
OH
| = ‘ = OH
B P
W CH ?J CHs
. I

Below is a PLP-dependent y-substitution reaction in the methionine degradation pathway (EC 4.2.1.22):
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Racemase to aldolase: altering the course of a PLP reaction

We have seen how PLP-dependent enzymes catalyze a variety of reaction types - racemization, retroaldol/retro-Claisen cleavage,
transaminination, elimination, and substitution - which, despite their apparent diversity, are all characterized by formation of a
critical carbanion intermediate which is stabilized by the 'electron sink' property of the PLP coenzyme. Given this common
mechanistic feature, it would be reasonable to propose that the active site architecture of these enzymes might also be quite close.
This idea was nicely illustrated by an experiment in which researchers found that changing a single active site amino acid of PLP-
dependent alanine racemase was sufficient to turn it into a retro-aldolase (J. Am. Chem. Soc. 2003, 125, 10158).

In the 'wild-type' (natural) alanine racemase reaction, an active site histidine (red in figure below) deprotonates a neighboring
tyrosine residue (blue), which in turn acts as the catalytic base abstracting the a.-proton of the substrate. When researchers changed
the tyrosine to an alanine (using a technique called 'site-directed mutagenesis'), and substituted S-hydroxytyrosine for the alanine
substrate, the new 'mutant' enzyme catalyzed a retro-aldol reaction.
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Notice what has happened here: the basic histidine, with no tyrosine to deprotonate because of the mutation, is instead positioned to
abstract a proton from the S-hydroxyl group of the new substrate, setting up a retroaldol cleavage. That was all it took to change a
racemase into a retroaldolase, because the necessary PLP electron sink system was all left in place. The researchers predicted
correctly that the phenyl ring of 8-hydroxy tyrosine would fit nicely in the space left empty due to the tyrosine to alanine change in
the mutant enzyme's structure

These results underline the close mechanistic relationship between two PLP-dependent reactions which, at first glance, appear to be
quite different - and suggest that PLP-dependent racemases and aldolases may have evolved from a common 'ancestor' enzyme.

Stereoelectronic considerations of PLP-dependent reactions

Recall that all PLP-dependent reactions involve the cleavage of one of the bonds coming from the a-carbon of an amino acid
substrate, with the coenzyme serving as an 'electron sink' to stabilize the intermediate that results. PLP-dependent enzymes
accelerate this bond-breaking step by binding the substrate-PLP adduct in a conformation such that the bond being broken is close
to perpendicular to the plane formed by the conjugated 7 system of PLP: this way, as the a-carbon transitions from sp® to sp?
hybridization, the unhybridized 7 orbital is already oriented to overlap with the rest of the conjugated system. For example, in
alanine racemase the first step is cleavage of the Ca — H bond, so it must be that bond which is positioned near-perpendicular to
the PLP plane:

racemase

breaking bond is oriented close fo
perpendicular with delocalized ™ sysiem of PLP

B:
—\ / H HO CHy H, HQ—FHE
H - = Eal [} ) < -
S L IR 0.C., TN
\\_-\ N//‘f——“ < H 5! _N/F

PO~

=] )
0,6,
H3C/

HaC oo

_— QOZC%Q
HaC’ J PO~

Likewise, in an amino acid decarboxylase, the C'a-carboxylate bond is held near-perpendicular to the PLP plane, and in
hydroxymethyltransferase, the Ca. — C' bond is in the perpendicular orientation:

H H
o, A
Hie! U
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These are all good examples of how enzymatic catalysis is achieved, in part, by the ability of the active site to bind the substrate
molecule in a specific conformation which contributes to the lowering of the activation energy of a key reaction step.

This page titled 17.2: Pyridoxal Phosphate (Vitamin B6) is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated
by Tim Soderberg via source content that was edited to the style and standards of the LibreTexts platform.
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