Amine Transaminase (ATA) Overview
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Amine Transaminases (ATAs) mediate amino group transfer from an amine to an accepting
carbonyl functionality for amine synthesis

. B Dependent on a Pyridoxal 5'-Phosphate (PLP) cofactor
organic cofactor

- a vitamin Bé variant, is the cofactor bound in the active site of TAs by a conserved
lysine residue

Os~__H
Q B Grouped into either a-TAs or w-TAs
HO’F\O oM - x-TAs - catalyze the transfer of amino group at «-carbon of an amino acid
HO | ~ thus only a—carbon to a carboxylic group
N Me

- w-TAs - catalyze amine transfer farther away from carbonyl moiety

Py”doxa'(lfl’_'l';’)hOSphate B w-TAs tend to be more functional group permissive in terms of carbonyl
moieties, accepting aldehydes and ketones as well, without necessitating a
carboxylic acid group

B w-TAs provide the most synthetic utility of TAs and Amino Transaminases
(ATAs) are of particular interest for their versatility



ATA Mechanism

B TAs follow a ping-pong reaction mechanism

M Pyridoxal 5’-Phosphate (PLP) cofactor - transient custodian of the amino group
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Driving the Equilibrium in ATA Reactions

(a) 0 Transaminase  NH2
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- Amine donor required in large excess
- Challenging co-product removal
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- Complex cocktail of expensive enzymes
- Side reactions possible
- Amino donor required in excess
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- Purification necessary to remove co-product
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- Expensive amine donor
- Polymer complicates scale-up
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Example: Lysine as a Smart Donor

Wild-type
transaminases
I —

Racemic substrates p-branched ncAAs with
O (S,S) configuration

|-|2N

NHz
Lysine smart donor induces a favorable equilibrium
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ATA Uses in Pharmaceutical Preparation: Aldehydes

(A) -0 C NH NH,
CO.Et . CO,Et (R)-w-Transaminase EFO “'L/COZH
2 spont. - 2 PLP, 7.0 pH, 30 °C © —> ©
—
_—
/ \ (R)-4 3-phenylGABA 1
NH, OH
e~ OH " )H]/OH _LDH o e~ OH
e/\n/ € NADH-recycling €
o] o] o]
(B) Transaminase H
HsC .CHO H,C CHO HsC
3 ) 3 PLP Y "N,
CH CH ; ;: CH
3
* co,H 3 Nco,H CO,H
N2 o Pregabalin 2
regabalin
R' = Alkyl; R? = Alkyl, COOH R1J\R2 R1JI\R2
ATA-301
PLP, I-PrNH2 1) Boc,0 @Q
pH 8.5 buffer 2) MsCl, Et3N
DMSO, 45 °C 3) NaOH
> 98% ee 45% yield (4 steps) Niraparib 3
CHO HO O\S,ONa
NaHSO; T Transaminase ATA-302
—_— o] -
H,0, 25 °C PLP, i-PrNH,
Br CO,i-Pr . pH 10.5, DMSO, 45 °C Br
Br CO,i-Pr 84% yield

> 99% ee (R)
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ATA Uses in Pharmaceutical Preparation: Acetophenone-Type Substrates

(A) 0 Me
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(€) o) Transaminase NH, E (D) (o) Transaminase (ArR) NH,
alanine ' PLP, i-PrNH, /Kr
' F - F
A M PLP ' )k( R
X+ € ; R Phosphate buffer, DMSO

Q N7 buffer, 30 °C ; F 24 h, 250 rpm, 30 °C F

' (R) or (S)
X =5-F, 6-F, 6-CF, 7 + R=CgHs, o/m/p-F-C¢Hy, PACH,CH; Chiral ,p-difluramide 8

Green Synth. Catal. 2024, ASAP



ATA Uses in Pharmaceutical Preparation: Longer-Chain Acyclics

(A) -Asymmetrlc reductive amination of ketone using various w—transammases.
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Silodosin 9

(o] 0 F Transaminase variant
(40 g,5.4g/L)

,N\\(\N . . > N
N triethanolamine (109 mL), N \
?/N\) F i-PrNH; (1.64 L, 2.67 eq.)
F1C PLP (6.7 g,0.011 eq.) F,C
1.0 kg, 134 g/L DMSO (3.31) 882-922 g, 88-92% yield Sitagliptin phosphate 10
45 °C, ~15 h, 90-95% conversion > 99.95% ee (R) (Januvia®)

condition 1: Transaminase CFX-043
H,0, HCI, PLP, i-PrNH,, pH 8.5, 58 °C, 20 h»

Me condition 2: Transaminase CDX-043 Me NMe
- ﬁ

OH PLP, i-PrNH, @ OH HN™ ~
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0 0 HO,C o

Sacubitril 11

Na - 2", H,0
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LCZ696 (sacubitril vaisartan sodium hydrate)

4
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ATA Uses in Pharmaceutical Preparation: ATA-Triggered Cyclization Toward MK-4305 12
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ATA Uses in Pharmaceutical Preparation: Chemoenzymatic Routes to MK-6096

(A)
(o] OMe (o) OMe NaCl, HClI Me,,
Transaminase ATA-117 pH 3.5 O\/
Me (o) D-alanine, GDH Me (0}
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ATA Uses in Pharmaceutical Preparation: Transition to Whole Cell Process
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ATA Uses in Pharmaceutical Preparation: Transition to Whole Cell Process

E. coli whole cell

R' = Ph, p-tolyl; R? = H, Me; R® = H, Me

NH, R® O up to 93% conversion
93% ee; > 93% de
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ATA Uses in Pharmaceutical Preparation: Cascades from Aldehydes

(A) OH
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o 0|-|- \ > NH,
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ATA Uses in Pharmaceutical Preparation: Other Notable Examples

(A) [ Me NH,
Me NH, : Me NH,
o\/\ H
0\/{ (S)- (u-Transammase Me (R)- (u-Transammase o\/\Me
\ Me / \
Me / Me
(rac)-mexiletine Pyruvate L-Alanine D-Alanine Pyruvate (R)-mexiletine 23
Me o) > 99% ee
o \)l\ 97% yield
0, » H,0, Me
D-AAO AADH
L Me _ NaDH recycling
(B) OH o} NH, NMe,
S M R Me . : N Me
ROL e » RO : w-transaminase > R0+
% 4 / \ = _> Me
NAD(P)* NAD(P)H L-Alanine Pyruvate removal (S)-Rivastigmine 24, > 99% ee
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S . (o< RN
o)
(9]
Me
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R+ N — > R+ TN
H R =H, OH, CH,
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secologanin
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ATA Uses in Pharmaceutical Preparation: Other Notable Examples

Galactose NS ‘
NH AN
Oxndase o (o-Transamlnase 2 N
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Green Synth. Catal. 2024, ASAP



From Solvent to Pharmaceutical

‘// O
NH

I
~
NN
nemtabrutinib 1
ATA-492, PLP on ECR8415
0 1.25 equiv. iPrNH, NHz
o2 60 °C, 7 hr 0"z \ *TsOH
0 > 0o
then TsOH, wet 2-MeTHF
2 40 °C - rt 3a*TsOH
100 g/L (0.78 M) 73.2% IY
in water-saturated 5i 1 dr
2-MeTHF '

« Immobilized enzyme enables robust single stream process
* Highly active and selective catalyst

° HOALOJ
:> “NH

N
Immobilized Process

Evolved enzyme

5

e,

Optimal B/orenewable Solvent
0 o)

)\OJ\ = L)_

ATA-Selective Resin

%@

* Organic solvent enables direct product crystallization
» Straightforward protein removal

S haas
.

ACS Catal. 2023, 13, 7707-7714.



Photoenzymatic Dynamic Kinetic Resolution of (3-Stereogenic Ketones

DKR of B-Stereogenic Ketones Via Synergistic Photoredox Organocatalysis

(@]

racemic

Reaction Mechanism

20 mol% TBDPS-Prolinol
10 mol% p-OMeC,H,SH
1 mol% [Ir(dF(CF;)ppy),(dtbbpy)]PF,

L
t

0.24 mol% KRED lysate
0.67 mol% NADP, 11% v/v iPrOH
50 mM KPi buffer pH 7.5[0.017 mM]
rt, blue LEDS, 18 h

21 examples
up to 92% yield, >99:1 er, >20:1 dr

OH

O O
inactive —_— active
enantiomer enantiomer .
Ry cofactor
(S) ketone (R)-ketone KRED
bDH turnover
G mix
{ Mg
Ro /"~ H,0 R, = CH,OTBDPS +H,0 N 2
Organocatalytic Cycle OH
R, hv “R
(S)-enamine .(_,J‘ © +H* (R)-enamine R
i Tl R,S R,SH 1
{ T alcohol product

Select Examples ............................................................
OH OH OH OH

('j. ‘o <

-,,I/Ph N 'lPh ' N
Ph Boc Pz

82% yield 84% yield 82% yield 68% yield

99:1 er, >20:1 dr 98:2 er, 5:1dr >99:1 er, >20:1 dr 99:1 er, 19:1dr

with KRED-P1A04 with LKADH with LKADH mutant with LKADH

pharmacophore precursor

compatibility with aminotransferases

OH (reaction followed up with Boc protection)

g NHBoc NHBoc

% O

Z . .
N “Ph “~Ph
85% yield 75% yield 86% yield

>99:1 er, >20:1 dr >99:1 er, >20:1 dr >99:1er, 4:1 dr
with KRED-P3G09 with ATA-256 with ATA-013

SET Photocatalytic Cycle HAT Cycle HAT

\\‘)Ir”/\\RS/

loss of
+- stereochemical

information

up to five catalytic cycles
working in concert

ACS Catal. 2022, 12, 8911-8924.



Januvia (Sitigliptin): Landmark Improvement in the Pharmaceutical Industry

Chemocatalytic Biocatalytic

Pro-Sitagliptin

NH4OAc

MeCN/MeOH :
transaminase/PLP p rovements

y
F
E
O NH,
P NH,

N/ \l/\N

N\) P Me Me

6.

)\/

CF;

13% higher overall yield

53% productivity increase

19% reduction in waste
Elimination of toxic heavy metals

4

82% Ambient pressure

O O o0 o o o

/ Reduction in total manufacturing cost

o)
[Rh(cod)Cl], (0.15 mol%) " e)j\

e L13 (0.32 mol%)

1 H, (250 psi)
P(t-Bu),
: MeOH, 50 °C, 18 h

Fe PPh,

>
L13 > N DU
/ %l/\n
95% ee N N\) >99.95% ee
enantiomer not detected
Sitagliptin
CFs Januvia®
anti-diabetic

$3.686 billion (2018)
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DKR with ATAs

107a
TA-P1-A06,
88% yield, 34/66 dr,
>99% ee, >99% ee

NH, O

Me OEt
Me

107d
TA-P1-G05,
88% yield, 56/44 dr,
>99% ee, >99% ee

w-transaminase
PLP

isopropylamine
buffer pH 7.5

NH, O

Me/ﬁk)J\OMe

Et

107b
TA-P1-A06,
87% vyield, 16/84 dr,
>99% ee, >99% ee

NH, O

Me OEt
Et

107e
TA-P1-A06,
93% vyield, 29/71 dr,
>99% ee, >99% ee

>

NH, O

*
*

OR3
R2
107

NH, O

Me” N “OMe
Bn
107¢
TA-P1-A06,

98% vyield, 58/42 dr,
>99% ee, >99% ee

NH, O
Me O'Pr
Me

107f
TA-P1-GO05,
94% vyield, 57/43 dr,
>99% ee, >99% ee
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ATA Uses in Pharmaceutical Preparation: Biocatalysis Roadmap to Ivabradine (Pfizer)

H,N

1) lipase . OCH
OCH 7, 3
H,;N 3 acylating agent H';‘
—>» Me
OCH;3 2) chemical steps OCH;

z
‘::::; HO
.[:I:::I:OCH3

OCH,

(o) l
N/\/\N/".
I
Me
H;CO

H;CO Ivabradine 4

/',.. OCH3
OCH, w-Transaminase, PLP,
L-alanine
DKR o
H OCH;
OCH;

OCH,

-—

KRED

/u.,[@

OCH;
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Applications of ATAs in Natural Product Synthesis

(a)
(R)- or (S)-transaminase | 2 steps C \%
(0 > :

HisC7” 0~ O N / N HisC7” Yo N H15C7 "' H1507
6 anine pyruvate 7 (-)-8 (+)-8
(50 mM)
Cou%led enzyrr;_e :gg:? conv. (-)-xenovenine| | (+)-xenovenine
co-product recycling ° 48% yield 30% yield
(b) (o)
| (R)-selective ATA117 0 (:I)t M; 40 rl]_l O 0]
0 —~— / \ \“.- N o . N “, )j\
NH, O H H
)\ )l\ (-)-pinidinone 10
(BOmM) g, 86% yield >99% ee

0.48 g isolated >99% de

Curr. Opin. Chem. Biol. 2018, 43, 106-112.



