Recent Advances in
Biocatalytic Cascades:
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A reaction comprising of two or more transformations in the same pot where one step includes a biocatalyst

Transformation 1 Step i
© - @& —— | @

i=2ton

Classifications:

Chem. Rev.2018, 118, 270-348.



Wandrey and coworkers, 1984:
OH @] Alanine Dehydrogenase NH,
. /H(OH Lactate dehyrogenases (LDH) - )H(OH NH,HCO, - : oH
€ H,0 € NADH e/\ﬂ/
@) ) Recycled from LDH @)
134g/day
OH

NH,

OH
NAD* Me

<
(0]
O:gw
®)
T
"l
O

LDH AIDH, NH;HCO,
° 0
Me)H( on NADH )H(OH
Me
© 0
o
o 0|0 (e 2
ho:o: o
NAD ¥

Ann. N. Y. Acad. Sci. 1979, 326, 87-95. Ann. N. Y. Acad. Sci. 1984, 434, 91-94.




Enzyme classifications

Biocatalytic cascades for the
synthesis of nitrogen
heterocycles
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IUPAC’s Classification of Enzymes

Class Reaction Type Enzyme Examples
Oxidoreductase Redox Chemistry Ketoreductases, Iminoreductases, Oxidases
Transferase FG Addition or transfer Aminotrasferases, Kinases
Hydrolase Hydrolytic reactions Nitrilase, Lipase, Amidase

Lyase Eliminations Aldolases, Decarboxylases
Isomerase Isomerizations Epimerases

Ligase Coupling reactions C-C, C-N, C-O, C-S Ligases

often macromolecules

What’s in a Biocatalytic reaction? Cofactors: “reagents”

Generalized reaction scheme CO'enzyme: Regenerate COfaCtorS Or remove byprOdUCtS
Buffers: Aqueous. Mixture of salts, system specific
E -
@ reyme, coename @ Co-solvent: DMSO, IPA, THF, etc.

Cofactors, buffers (pH ~7)
co-solvent

Temperatures: room temp or slightly elevated (35 °C)
A significant number of these reactions are reversible!
For the purpose of this talk, specific enzymes are
not named, just listed as a general transform

6




Generalized schemes:
O KRED OH OH ADH O
)J\ > /L /L > )J\
R, R, NADPH/NADH R;. R, R, R, NADPH/NADH R, R,
NH IRED NH, R, O ERED R, O
R R, NADPH/NADH R, R, R, Rj NADPH/NADH R, Rs
o- p-
\P/O\P\O \P/O\P\O
HO, /1 HO, /1
(73 O/_ \\O O O — O l,, O/_ \\OO O —
o) N oz L N
HO" — F~o" — o
N n HO  OH  H,N ©- N m HO  OH  H,N
N | N |
¢ " ¢ "
N=— N=—
NH, NH,
NADH NADPH
Cofactor regeneration:
(0] OH (¢ 0]
OH OH
HO Glucose dehydrogenase HO Hydrolysis
. v, >  NADPH o v, - Lo 0o
HO OH NADP* HO OH
OH OH OH OH OH
Glucose Gluconolactone
OH Oxidoreductase

PN

Me

Me

o)
> )J\ +  NADPH

While not as mature, ketoreductases and iminoreductases are starting to see use ;

Adv. Synth. Catal. 2019, 361, 2421-2432.



Synthesis of B-hydroxy acids

O

CN Ketoreductase Nltrllase CO,H
NADPH NADP” The two listed times represent a
K / sequential protocol
gluconolactone — glucose (i.e. ketoreductase then nitrilase)
©/\/COZ /@/\/002 /@/\/COZH Meo\©/\/002
60h/24h 24h/24h 24h/24h 24h/24h
72%, 99% ee 77%, 99% ee 77%, 99% ee 80%, 98% ee
Synthesis of benzylic alcohols
OH [Ru] (1 mol%), KRED, 30 °C
\)\& PPrOH, 50°C / \
NADPH NADP*
CIII
_o-Ru-0
0] OH c'> J
)J\ = KRED )\ [Ru]
OH on
OH > -
‘L _Me (;) Me O e OH
(R) /©/\/ Me\/(R)k/ Bu
MeO ‘I
86% 85% 90% 90% 8
>99% ee 98% ee >99% ee

>99% ee
J. Org. Chem. 2009, 74, 1685-1662. ACIE 2016, 55, 8691-8695.



Deracemization with two ADHs

OH

NADPH-specific
R)-selective-ADH

NADH-specific

/U\ (S)-selective ADH 9H
+ -
R R R / \‘ R/\R'
NADP* NADPH NADH NAD*
H,O0, —= . 0, \ / CO.H
NADPH-oxidase NAD*-specific
Formate dehydrogenase
OH OH O OH
Me” n-Hex Me/\)]\OEt /\©
99% 99% 99%
>99% ee >99% ee >99% ee
Another deracemization “
OH 48h, 30 °C . I
)\ ' R/\R'
R™ R NAD*
H,O
NADH NHa/NH,*
(R) and (S) ADHs 0 Amine dehydrogenase
A
NH, NH,
: Me : NH, Me
\/\ Me Me 5
- NH, Me
F
84% 66% 92% 80%
>99% ee >99% ee 83% ee

J. Am. Chem. Soc. 2008, 130, 13969-13972.; Science 2015, 349, 1525-1529

99% ee




Generalized schemes:

i Amidase i )OJ\ Lipase )OJ\

> —_
R NH, H0 R” ~OH R TOR H20 R” ~OH

s 9) (@) . HQ
i CN Nitrilase _ )J\ R1<k Epoxide hydrolase _ z R,
H20 R OH H,0 R1/\(
Rz OH

Synthesis of cyclic acids

0 [ OH ] OH

KRED, 30 °C CN R. rhodochrous COH
> >
/ \ Whole cells
NADPH NADP*
M < PY
KRED
OH OH OH
CO,H WCOH \
O CO,H 111 COH
83% yield 90% yield 91% vyield 97% vyield
>99:1 d.r.,, >99% ee >99:1 d.r., >99% ee >99:1 d.r., >99% ee >99:1 d.r., >99% ee
10

Adv. Synth. Catal. 2019, 361, 2421-2432.; Org Lett. 2016, 18, 3366-3369.



Using a biocatalytic cascade, prepare the following compound

0]
O
Me™
0 O
oM ADH OH O
Me ° > /\/\)J\ — O
Me OMe .
O Me“'
NADPH NADP™*
gluconolactone x glucose

11
Chem. Rev.2018, 118, 270-348.



Generalized schemes:

Cu-mediated Oxidase Flavin-Dependent-Oxidase OH
A
R OH R™ o 02 R” Y0

N 02

Monoamine Oxidase

NS
R” “NH, o > R7 SNH
2

- Often very substrate specific.

- Normally paired with one or two co-enzymes
- Catalase for breakdown of H,0, 202
- A peroxidase to maintain Cu oxidation state

Catalase
—_— H,O + 0.50,

O
a-hydroxy ketone synthesis:
H
Alcohol Oxidase o)
Benzaldehyde lyase - )kr R;
Ry

H20,

Catal
0.50, + H,0 4_/
(@] (@]
OH Me Me
OH OH

> 99% Conv. > 99% Conv. >91% Conv. 12

99% ee 98% ee
ChemSusChem 2019, 12, 2859-2881.; ChemCatChem 2013, 5, 2512-2516.



Generalized scheme:

(0] NH, - NH
- i -transaminase
)H(OH a-transaminase _ /H‘/OH )]\ o i _ /kz
R . R .
Amine donor R R, Amine donor R, R,
(0] (@]
Common Amine donors
(0] (0]
HO
NH, (0] NH,

While a powerful reaction, equilibrium is favored for starting material.

Strategies to Shift Equilibrium:

Regeneration of amine donor Removal of keto-acid byproduct
0]
Pyruvate Decarboxylase O
O Alanine Dehydrogenase o OH > )]\ H ¥ CO,
NH \)]\ O
OH > ~~ “OH
0 NH, o
Lactate dehydrogenase OH
* NADH > )\
NAD OH NADP* COH
0]
O
)]\ » CO, 0 OH
H OH Formate Dehydrogenase Acetolacetate Synthetase
OH > + CO,
0] O

13
Adv. Synth. Catal. 2011, 353, 2239-2262. ACS Catal. 2014, 4, 129-143.



Asymmetric reductive amination

O o-Transaminase NH,
J -
R1 R R1/\ Ry
O LDH OH
Me” >CO,H Me)J\CozH Me)\002H
NADH NAD™
gluconolacton& Glucose
GDH
NH, NH, _ Me NH,
Me/:\/ OMe Me/:\/\ Me 'ile
MeO MeO
97% Conv. 97% Conv. 94% Conv. 99% Conv.
>99% ee >99% ee >99% ee >99% ee
NH,
NH, : NH,
/k/OMe
Me MeO 0
HO
99% Conv. 99% Conv. 99% Conv.
>99% ee >99% ee >99% ee y

Adv. Synth. Catal. 2008, 350, 2761-2766.



Generalized schemes:

(0] OH (@)
O Aldolase

+ * *

P'§ R, — > R R

R, - 3 1 3
R, R,

- Range of acceptors is typical broad
- Donors are typically limited to dihydroxyacetone phosphate (DHAP) derivatives

In Situ Preparation of DHAP:

Glycerol kinase o

\)J\/ \)J\/OPO :
/ \ > opog - Ho\)l\/opo32

triose
0 ‘\ / bk .
OH HO
Pyruvate Kinase
O

phosphate
isomerase
Glycerol phosphate
oxidase

\)\/0P03 / \‘O \)J\/OPO3

l oxidase

H,O + 0.50,

Aldolase
| 0

OPO,2
OH > O%)J\/ OPO32_

15
Adv. Synth. Catal. 2011, 353, 2239-2262. Adv. Synth. Calal. 2019, 361, 2421-2432.



Biocatalytic cascades for the
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Cyclization with transaminases:
o NH;

o-Transaminase ) Ph
Me /\/\[r v

Me
_ 91%, >99% ee

/\
o . .
2 002 CO:H - Reduction of imine

. results in poor
NADH NAD

e stereoselectivity
— y How to fix?
Prof. Nicholas Turner, U Manchester gluconolactone Glucose

Cyclization with transaminases:

Monoamine Oxidase .
D,Ph oo p_ph p....ph Strategy used previously
me” N NHy BH; me” N me” R to prepare monosubstituted
2
Enantiomer not oxidized pyrro lidines
Accumulation over time
Selective formation

Selective Oxidation

Substrates prepared in one-pot:

H H Me H Cl H F

> 99% Conv. > 99% Conv. > 99% Conv. > 99% Conv.
> 99% de > 99% de > 99% de > 99% de 17

ACIE 2014, 53, 2447-2450.; J. Am. Chem. Soc. 2006, 128, 2224-2225.



0

NH,
o-Transaminase

Access to piperidines via IREDs and a carboxylic acid reductase
|

R -H,0 (j\ Whole Cell IREDs (j\
= > p
R NADPH N R
H
Reduced in situ
by carboxyllic acid NH
redcutase S 2 LDH )O\H
Me /\002H Me Co2 Me” “CO,H
Can start from the aldehyde
+ .
NADH NAD without the CAR as well
gluconolactone Glucose
Selected Examples:
Me t,, Me
(R) (S
R ], (S R, (S
NT N NT N
H H H H
Me Me
> 98% Conv. > 98% Conv. 95% Conv. 96% Conv.
93% e.e. 98% e.e. >98% e.e., >98% d.e. >98% e.e., 29% d.e.
CAR, ATA, (S)-IRED CAR, ATA, (R)-IRED ATA, (S)-IRED ATA, (R)-IRED
Me Me
2 wMe
(S (R) (S
R ], (S (R ], (S) (S)
NT N NT Me N
H H H H
98% Conv. 74% Conv. 89% Conv.
>98% e.e., 95% d.e. >98% e.e., 92% d.e.
CAR, ATA, (S)-IRED CAR, ATA, (R)-IRED
ACS Catal. 2016, 6, 3753-3759

81% e.e., 81% d.e.
CAR, ATA, (S)-IRED

81% Conv.
98% e.e., 98% d.e.

ATA, (R)-IRED 18
Sequential Protocol




Contiguous stereocenters:

R1 R2 R1 R2 R1 R2
— ERED * IRED *
N— Rs N= Rs > HN— Rs Challenge:
\ rate of competing
NADP* NADPH NADP* NADPH reductions
Gluconolactone Glucose
GDH
R, R
R1 / R1 / . o
Rs ERED, IRED Rs ko s> k Allylic amines are not
IRED ERED
NT one-pot HN acceptors for EREDS

Sequential Protocol:

Me Me M M Me
e e
Rz Ro Me,,, Me Me
R R
"N R, 1.ERED, NADPH "N R, HN .
> HN HN HNY
NP 2. (R)-IRED "N
> 99% conv. > 99% conv. > 99% conv. > 99% conv.
93% ee, 72:28 d.r. 93% ee, 85:15 d.r. >99% ee 55% ee, 73:27 d.r.

5 and 7 membered rings also reported, .

J. Am. Chem. Soc. 2019, 141, 19208-19213



Leucine-hydroxylases:

R
Me CO,H 5-Leucine hydroxylase
\!/\r (GriE),_Fe"
Me  NH,

O,+a-ketoglutartrate

==

CO, + succinate

R R

CozH GriE, Fe" e'---
CO5H
\ \

CO, + succinate

Me NH2

O,+a-ketoglutartrate

a-ketoglutartrate

e o o “
OH
O
O

( O N\
OH
OM(
(0]

Succinate

CO,H

5-Leucine hydroxylase
(GriE), Fe'', 0,, a-KG

f

H
Me i
N

88 %

J. Am. Chem. Soc. 2018, 140, 1165-1169.

then NH3BH3

R
Me 114
N
H
Me F
[\ X1 Me i
b_COZH b‘cozH
N

N
H

88 % 82 %

20



_ Three Steps N N How would you prepare this natural
N H product using biocatalysis?
H

(R)-Harmicine

Turner’s Synthesis of Harmicine:

O
1. DCI, pyrrolidine N N
OH THF/DCM, 1h, r.t. MAO-N, O,
> A\ > A\
A\ 2. LiAlH,4, THF, 4h, reflux N NH5-BH; N H
N 93% (two steps) H 37 °C H
H

95%, >99% e.e.

MAO-N
MAON NH3-BH;
Deracemization
_ . - _ -
'\;Q 1. Cyclization N
\ 2. Deprotonation > \
N N H
H H
Kopsia griffithii
NH NH
Similarly prepared by deracemization: N K MeO N *
elgegnine leptaflorin
21

J. Am. Chem. Soc. 2013, 135, 10863-108609.



Natural products formed by biocatalytic cascades (Oxidative dearomatization, OQ-methide):

sorbiquniol trichodimerol . .
Gulder, 2017 Gulder, 2017 %su‘ﬁg:”g'(‘)’{‘se
Me
—~
O 0 Me OH
—~<
0]
HO H —
Me NH
O7Me  HN-\|
o 0O
stipitatic aldehyde urea sorbicillinoid (-)-xyloketal D
Narayan, 2018 Narayan, 2018 Narayan, 2019

22

Nat. Chem. 2018, 10, 119-125.; ACIE 2017, 56, 12888-12891.; ACIE 2018, 57, 14650-14653. J. Am. Chem. Soc. 2019, 141, 20269-20277.
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Original synthesis:

A 0 CO,Me
(-)-DIP-CI

P
cl N -20°Ct0 0 °C
85-90%

>99% after crys.

Y

Me Cl

Biocatalysis approach:

N 0 CO,Me
— Ketoreductase o
of N NF O O / \' cl

NAD(P)H NAD(P)

N x

Ketoreductase

230-kg scale

Table 5. Process conditions and performances of the DIP-CI

process vs the KRED process
(—)-DIP-CI KRED
substrate loading ~100 g/L 100 g/L
reaction conditions moisture sensitive aqueous
reagent or at least 1.8 equiv 3—5 wt %
catalyst loading (at least 150 wt %)
optical purity crystallization needed crude product is
to upgrade >99% ee >99.9% ee '
(upgrade not needed) Montelukast sodium

yield 85—90% 90—98%
24

OPRD 2010, 14, 193-198.



First Generation Synthesis

B OBn ]
F O O 1. ((S)-BINAP)RuCI, (cat.) F OH O E uN’ o
F HBr, H, (90 psi) E : 1. BnONH,-HCI, EDC
OMe MeOH, 80 °C OH LiOH, THF/H,0 F on
2. NaOH, MeOH/H,0 2. DIAD, PPh,, THF
83%, 94% ee (two steps) 81% (three steps)
F F 3. LiOH, THF/H,O .
_ _ H
,OBn HN /\l/ N\
F NH, O F  HN o) K/N N
\ 1. Hy, PdIC F N - \<
N/Y \ < N/Y N CF,
2. H3PO, K/ .
. K/N\/< 78% (4 steps) N\/< EDC, NMM, MeCN, 0 °C
£ ‘H3PO, CF; F CFs
Sitagliptin — —
Second GeneratlonOSyntheS|s
H
o . 1. HCI-NH N, .
F ProN*HEt K/ N N
F o) o N\ Me F \< F NH, O
Me CF, 2
> > NS
CO,H +BuCOCI, iPr,NEt 2. TFA N /\//N\
DMAP (cat.), MeCN 3. NH4OAc, MeCN/MeOH F |\/N y N
F 82% (three steps) \<
CF,
F F [Rh(COD)(CI)], (5 mol%)
E . tBu-JOSIPHOS (10 mol%)
H, (90 psi), MeOH, 50 °C
NH, O NH, O 2
1. Heptane/iPrOH 98%, 95% ee
< N
N /Y \N N H3P04 N /\l// \N -
F K/N\/< 81%, >99.9 ee

'H3PO4

F k/N\/<

Sitagliptin Is there a way to avoid TMs? % 25
ORPD 2005, 9, 634-639. J. Am. Chem. Soc. 2009, 131, 8798-8804.

CF3




F F
o) NH, O
Transaminase
N > N
N /Y \N IPrNH2 N /Y \N
k/ N7/ pyridoxal phosphate k/ N/
\< Solvent \<
CF; CF;
X [Substrate] Round Improvement
Added Mutations in g/l Assay changes identified over parent’
S223P 2 1a Not active
Y26H;! V65A;* V69G; 2 1b firstactive  0.7% conversion/24h
F1221; A284G
H62T; G136Y; E137I; 2 2 75
V199I; A209L; T282S
S8P; H26Y; G69C; 5 5% DMSO to 5% 3 9
M94l; 1137T; G215C MeOH; RT to
30°C
L61Y; Ce9T; Y136F, 10 05t01M 4 4
T137E iPrNH,; pH 7.5 to
pH 8.5
D81G; 194L; 196L; 40 5to 10% MeOH; 5 1.4
T178S; L269P; 30to 45°C
P2978S; S321P
Y60F; L941; A169L; 100 10 to 20% MeOH 6 1.6
S178T; G217N; L273Y
S124H 100 20% MeOH to 7 1.1
25% DMSO
1122M; H124N 100 8 11
Q329H 100 9 1.9
N124T; Y150S; V152C; 50 25 to 50% 10 2
H329Q DMSO; 0.5%
acetone
S126T 50 11 1.4

Science 2010, 329, 305-309.

26



Effect of directed evolution on the binding site

F F F
F F F
NH, O NH, O NH, O
Transaminase H3PO,
XN > N N > N N
~ N pyridoxal phosphate ~ N ~ N
F K/N / iPrNH,, F K/N % F K/N %
\< H,0/DMSO 1:1, 40 °C \< \<
CFs 92%, >99% ee g CFy CFs
Multikilogram Scale 10-13% increase in yield
53% increase in productivity
€3 MSD

Januvia 100 mg

Filn-voaned e

kel L

freci

Y
&

28 film-coated bl
e s i

|
E’;

Science 2010, 329, 305-309.

19% reduction in waste

27




Me Me

,
‘
N

J. Am. Chem. Soc. 2012, 134, 6467-6472.

Boceprevir

NH,

L
N\

Me Me

<

’
‘y
K\

Previous synthesis:
Classical resolution

Max yield of 50%
Me Me

Synthesis?

@)

0™ o
Caronic Acid

28



Table 1. Summary of MAON Improvement over the Four

Me Me Ve Me ] Rounds of Evolution
Monoamine Oxidase = MA_ON ) . .
(MAON) s % round  variant mutation diversity source  improvement
- { /S wild A. niger wild type
N N type
H - - 1 156 A. niger + A289V, active site tar- activity
meso >99% ee K348Q_ geted library
E-FAD E-FADH, 2 274 many (see the Support-  A. niger and A. thermal stabil-
H,0 + 0.5 O, ing Information) oryzae ity at 40 °C
2 291 150 + S465G diversity from activity and
Catalase round 1 solubility
3 301/ many (see the Support- MAON274 and  thermal stabil-
H,0, <= 0, 304/ ing Information) MAON291 ity at 50 °C
308
4 401 304 + F382L active site library  8-fold increase
in activity
Me Me Me Me Me Me
Monoamine Oxidase \V/
(MAON) (6 wt%) . NaCN, CPME S
- (). - ()
O,, catalase 15 °C
N NaHSO, N SO;Na N CN
H H
Me Me Me Me
M 4
S < S 1. 5N HCI
O\ /PrOH, MTBE O\ < Me0H, 50°C
N CO,Me N CO,Me
HC| H 2. NaOH
H MTBE/H,0
56% Overall Yield
>99% ee
Only one isolation
29

J. Am. Chem. Soc. 2012, 134, 6467-6472.



First Generation:

TIPS TIPS Me
TIPS TIPS
o) 1.2,2,-DMP Me
HJ\ // HO // NZL-101 (CAL-A) HO // PPTS, MeCN, 50 °C 0 //
= N o S : 0 o
n-BuLi, THF KPi (pH 5.3-5.6) 2. NaOMe, MeOH
OAc OAc 60 °C, 92% MeOH. 30 °C 90%, 93% ee (2 steps)
OAc OAc 95%, 96% ee OH OAc OH
Me Me Me
TIPS TIPS TIPS
Meﬂ\o s e Meﬂ\o s Meﬂ\o i 1. TEMPO, NaOCl
N ~ (0.25mol%) N ~ {BUOAc, LDA N ~ NaClO,, MTBE
o o omu < 0 N OBu % O\)& -
v Et;N, HCO,H THF, -60 °C CO,Me 2. CDI, MeOH
2 MTBE/THF, 35 °C 95% 81% (two steps)
OH O 95%, >99:1 d.r. ©c ©
NH,
1,
N N
OH OH </ | )\
1. TBAF. THF 1. Red-Al, PhMe/DCM N 2
: : K N F
0°C 0 -60 °C o) H
= —— e 0] - —— OAc -
>~ = i >
2. HCI, 1,2-DME \ 2. Ac,0, Et;N, DMAP \ BTMSA, TMSOT
3. iPrOAc Hos 80% (two steps) H Os MeCN, 80°C
4. p-ToluoylICl 2. NaOMe (cat.)
Pyr, 0 °C MeOH, 0 °C

76% 43% (two steps)

>99:1 d.r.,, 99% ee
(four steps)

Disadvantages:
1. Multiple protecting group manipulations
2. Anomeric bond-forming step has poor yield
3. Long route—17 steps!

Org. Lett. 2017, 19, 926-929.

Islatravir

30



The Bacterial Nucleoside Salvage Pathway—Applied to Islatravir:

NH,
N X
OH N
/=N </ | /)\ OPO3H" Deoxyribose
5-phosphate
ON—nN NH h N F f\ld /p //
— H olase
= W 2 e ° OH > HO ¢/
S N _N Purine nucleoside - "HO,PO 0O
HO \r phosphorylase HO\\“
E Phosphopentomutase

+ Hy,PO4

Could this cascade work in reverse to give the product? Accept unnatural substrates?

Retrosynthesis of the triol:

Phosphate HO ///

transferase > Oxidase

Ly = Y Ny

N N

/
%ﬁ HO :‘// Phosphate

"HO,3PO N OH  transferase

- Enzymes had been shown to work individually with unnatural substrates, not in sequence
- Major equilibrium challenges were anticipated
- How to setup a process like this?
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NH,

The Cascade: N
LT, g
+
Galactose oxidase (immob.) Pantothenate Kinase /// )J\ N = /= N
Horseradish Peon(/dase : (immob.) ; Me H H N F o)
HO > HO3PO OH > — N
Deoxyribose 5-phosphate -
Aldolase &
97% ee o 7(;/“ Purine nucleoside HO N ﬁ/
0 steps phosphorylase +
H,0, Phosphopentomutase i F
H,PO,

catal)ay
sucrose
H,O + O,
Sucrose Phosphorylase

Acetate Kinase

(immob.) 0P03H
fructose
51% Overall yield!
Table 1. Properties and performance of evolved enzymes used in the biocatalytic pathway.
Starting enzyme Evolved variant

Frovine Source Fuokiion focus Rounds of Global amino Conversion Loading Conversion Loading

o organism ... .evolution __acids changed (no.) (selectivity) o) . (selectivity) )"
Oxidase Fusarium Sl Variant M1:33%t1 80%1§

(GOase) graminearum (8:92 R:S) (90:10 R:S)

12 34 : ) 100 20
Activity Variant F2: 8%t}
............................ .. (406OR:S)
PanK E. coli | Activity 3 10 . _<I% (51 RSt 0. >95% (101RS)I# 10
: : Acetaldehyde 97%**[>98:1:1 (3S4R): 97%**[>98:1:1 (354R):
OEA eSS dence 2 . GRRESIS)  °  @rmesss) O
PPM..e Eeoli ... Activity 2 . S o 00%tE 05 . 3A%tE 0.5
. v 0.18%%+ 62%%1

PNP E. coli Activity 4 7 (>995:05 dr) 0.125 (>995:05 dr) 0.125

*Enzyme loading refers to the mass of lyophilized clarified cell lysate relative to the mass of the reaction substrate. Results may reflect improvements in enzyme expression as well as
activity. tReaction with nonimmobilized enzymes. $GOase-M1-Strep and F2-Strep: 172 mM 6, pH 7.5, 0.2 mM CuS04, 25°C, 4 hours. §GOAse-13BB-His: 258 mM 6, pH 7.5, 0.2 mM
CuS04, 25°C, 4 hours. 144 mM 7, pH 7.5, 20°C, 18 hours. #235 mM 7, pH 6.4, 20°C, 18 hours. **142 mM 5, 420 mM acetaldehyde, pH 7.2, 30°C, 24 hours. 1115 mM 4,5

mM MnCl,, pH 7.5, 40°C, 18 hours. 1113 mM 1b, pH 7.5, 40°C. 16 hours. 32
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NH,

The Cascade: .
N
(0] </ |
OH
Galactose oxidase (immob.) / )J\ + /)\
HO Horseradish Peorxrdase ¢ Pantot(?lif;féz f:nase ;// Me H H N F o] ==
HO - HOsPO OH > —— N NH,
Deoxyribose 5-phosphate - = |
97% ee
catal)ay

H,O + O,

Aldolase S
¢ 67:& Purine nucleoside HO Ne N
Wo steps phosphorylase . \|/
H202 ADP Phosphopentomutase F

Sucrose Phosphorylase

— N
fructose
L
14 glucose 1-phosphate
o H,
\\ C

Table 1. Properties and performance of evolved enzy

F

Prepared _using qascaqe ting enzyme Evolved variant

34.1% radiochemical yield . . . .
Ernzyme Sourge Evolution focus Roun OPRD 2021, 25, 516-521. 'sion Loading Conver_s?on Loading
B OrganiSm e evolunon _acigs cnanged (no.) (seiectvity) | o .. (selectivity) . ()7
Oxidase Fusarium Stereoselectivit Variant M1:33%t% 80%1§

(GOase) graminearum y (8:92 R:S) (90:10 R:S)
12 34 : e 100 20
Activity Variant F2: 8%tt
(40:60 R-S)

PanKEcohActwntyBlO <l%( lRS)ﬂ] e >95%(101RS)1#10

Acetaldehyde 97%**[>98:1:1 (3S4R): 97%**[>98:1:1 (354R):
OERA  Sheenss  eance 2 . GRIRYESS)]  ° @rREss) 0%
PPM o Beoli Aty 2D OO 08 SAWE 05
. o 018%t+ 62%11
PNP E. coli Activity 4 7 (>995:05 dr) 0.125 (>995:05 dr) 0.125

*Enzyme loading refers to the mass of lyophilized clarified cell lysate relative to the mass of the reaction substrate. Results may reflect improvements in enzyme expression as well as
activity. tReaction with nonimmebilized enzymes. $1GOase-M1-Strep and F2-Strep: 172 mM 6, pH 7.5, 0.2 mM CuS04, 25°C, 4 hours. §GOAse-13BB-His: 258 mM 6. pH 7.5. 0.2 mM
CuS04, 25°C, 4 hours. 44 mM 7, pH 7.5, 20°C, 18 hours. #235 mM 7, pH 6.4, 20°C, 18 hours. **142 mM 5, 420 mM acetaldehyde, pH 7.2, 30°C, 24 hours. H1SmM 4, 5
mM MnCly, pH 7.5, 40°C, 18 hours. 1113 mM 1b, pH 7.5, 40°C. 16 hours. 33
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Patent route:
0]

O o0 /U\
HO/\|/\(>— — )]\ )]\ Pr g 0 —
HO 0 /=>= H,S04, COMe N/_>= ° pr— O /\E)‘ N/_§=°
/\‘l/\>— N 0 > S~ }_ NH > . »_ N
X 0

}—NH then Et;N o : EtsN, DMAP, 0 °C to rt. o
0 >(O 99% (two steps) >ro 0
Me Me

Me Me

1. 1,2,4-triazole

EtsN, MeCN, r.t. to 0°C
2. POCly

O0°Ctort.

29% (two steps)

/D)\
0 0 — Pr= "o 0 — 0 0 — /=N
N /)—NHOH HCO2H N /)— NHOH NH,OH N —N J
L - L -t | N =
) 1 ~ )
>r6 0

0

iPr Jj\

HO & 42°C iPrOH, r.t. o i
oH O No yield reported 60% >r 0 (o]
Me

Molnupiravir Me" Ve Me

Disadvantages of route: Could a route be prepared from ribose?
- Relies on supply-chain-dependent uridine HO 0
- Maximum of 17% yield /TE)‘OH
- Multiple isolation steps o

- Protecting groups
- Not supply chain friendly

34
Chem. Commun. 2020, 56, 13363-13364. Chem Rxiv. 2020, 10.26434/chemrxiv.13472373.v1.



Retrosynthetic Analysis:

Uridine phosphorylase

HO O
Lipase . OH
— N\_):O — >
OH

(0] (0]
HO 0 )L )J\
OH iPr (0] 1

@)
Direct phosphorylation /U\

iPr /Pr not known in biocatalysis iPr 0 0] OPO3H2

.......................... >
HO i Novoenzyme (10 wt%) R R 0
OH CO,Me, 50 °C, 24 h o = HO &
OH OH
Development of a novel biocatalytic cascade
0
0 B o 7] >—NH o
g A L )= g °
iPr o) 0 MTR Kinase iPr o) ¢ — iPr 0 o) >—NH
N OPO;H >
B B a2 Uridine Phosphorylase R N\=)= °
HO & HO @ : One round of O
OH OH directed evolution: 3x activity OH
DP - Initial selectivity: 7:1 («:f) - +
After one round of directed evolution: H,PO4
\ / >99% conversion, > 99:1(a:p) sucrose
Sucrose Phosphorylase
Acetate Kinase
OPO3H
fructose
glucose 1-phosphate
Could further improvements be made by recycling the inorganic phosphate?

Chem Rxiv. 2020, 10.26434/chemrxiv.13472373.v1




A biocatalytic phosphate recycling system
0]
iPr/U\o

o _
O /U\
O MTR Kinase iPr 0 o
N OPO4H,

Qune

0
>—NH
o)
HN\_):O

B °>
Pr” g 0 NH
MTR Kinase - ‘ N\=)=

HO HO ¢ Ho &
H OH ° on

ATP ADP +

\ / H2PO4

Pyruvate oxidase, pyruvate
Acetate Kinase -
OPo3
catalase
- Can be run at >80g/L o) €Oy + ;0 —o2®® o 050, + Hy0
Final Route: _ _
0 0 0 O

OH iPr 0 iPr iPr 0 o) [Biocatalytic cascade] iPr 0 0 >— NH
g - OH > N o

HO % Novoenzyme (10 wt%) R . \=)=

OH CO,Me, 50 °C, 24 h Ho @ : HO £
OH OH
o)

iPr/U\

(@]
o o) >—NH_ OH
N\_)_ "

N

HO i
OH

3 Steps

Decagram Scale

69% overall yield
70% shorter; ~7x yield

improvment
Chem Rxiv. 2020, 10.26434/chemrxiv.13472373.v1

(N HZOH)Z ‘H2804

NH,4HSO,, imid.
HMDS, 80 °C
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Conclusions:

- Biocatalytic cascades are fantastic at:
- Performing protecting group free synthesis
- Performing exceptionally chemoselective and stereoselective transformations
- Obtaining high-value chemicals from cheap starting materials

- Limitations
- Evolution of enzymes is often necessary for scaling-up
- Finding the “right” enzyme can be very tricky
- Biocatalysis is not non-specialist friendly

Future Directions:

- Cascades with P450s

- Evolving or discovering aldolases to expand possible donors

- Preparation of artificial metallenzymes in cascades (few examples)

- Implementation of a directed evolution system for non-specialists

-  Combining chemocatalysis and biocatalysis (beyond reductions)

- Designing systems that can be done on meaningful scale (beyond industry)
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