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Abstract

Biocatalytic reductive amination reactions with reductive aminases (RedAms) are an emerging 

transformation with high potential value for pharmaceutical synthesis. Here, we report the identification 

and engineering of a RedAm to catalyze a reductive amination reaction making a key intermediate in the 

synthesis of an investigational cyclin-dependent kinase (CDK) inhibitor, using the relatively bulky 

benzylamine as a nucleophile. The engineered enzyme contains 6 mutations with respect to the wild-

type and displays high productivity at high substrate concentrations (50-fold improved over wild-type). 

After identifying the optimized enzyme variant, crystal structures of both the wild-type and mutant 

enzymes were solved and used to rationalize how structural changes to the RedAm improved its 

performance under process conditions. Results suggest that mutations affecting both substrate binding 

and enzyme thermostability contribute to improved enzyme performance. By enabling multikilogram-
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scale synthesis of the chiral intermediate, this work highlights the versatility and industrial utility of 

RedAm-catalyzed reductive amination.

Keywords

Biocatalysis

Enzyme Engineering

Imine Reductase

Reductive amination

Amines

Introduction

The cyclin-dependent kinases (CDKs) are a 21-member family of serine−threonine kinases that are 

regulated by the formation of heterodimeric complexes with their cyclin-binding partners. CDK−cyclin 

complexes are involved in a wide array of cellular processes, including transcriptional regulation, splicing, 

DNA repair, and regulation of the cell cycle.[1] The ordered activation of the cell cycle CDKs (CDKs 1, 2, 4, 

and 6)[2] regulates progression through the four phases of the cell cycle (G1, S, G2, and M)[3] and their 

dysregulation can lead to sustained cell proliferation, a hallmark of cancer.[4]

Compound 1 (Figure 1) is a CDK2/4/6 inhibitor currently being developed by Pfizer as an oncology 

candidate.[5] The proposed manufacturing route of 1 involves consecutive SNAr reactions of 5-bromo-

2,4-dichloropyrimidine 5 with amine nucleophiles 4 and 6, followed by a two-step Heck 

coupling/cyclization, and finally a difluoromethylation. The synthesis of the chiral amino alcohol 4 

proved to be a challenge and several enabling synthetic routes were investigated, including an epoxide 

opening of 8 followed by a resolution and a transaminase reaction of 9 (Figure 2).[6] Ultimately, the cost 
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and yield limitations of the chemical and transaminase routes led to the investigation of a third route: a 

chiral resolution using an enzymatic reductive amination. 

Figure 1. Retrosynthesis of CDK 2/4/6 Inhibitor 1

Reductive amination is frequently used to synthesize a variety of amines.[7] Chemical methods of 

reductive amination typically use stoichiometric amounts of reducing agents at low temperature or use 

transition metal catalysis, making them undesirable for use at commercial scale.[7, 8]  More recently, a 

subset of imine reductase enzymes (IREDs), dubbed reductive aminases (RedAms), have been shown to 

catalyze intermolecular reductive amination directly[9], and numerous studies have been reported on the 

identification and characterization of enzymes with broad tolerance for carbonyl substrates and amine 

nucleophiles. [10-13] 

Figure 2. Enabling Synthesis and Enzymatic Synthesis of 4
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RedAms have the potential to be highly valuable catalysts for the synthesis of Active Pharmaceutical 

Ingredients (APIs), but their application to manufacturing processes[14, 15] is still maturing and many 

challenges remain. The reactions reported in academic labs predominantly use carbonyl compounds at 

relatively low concentrations paired with simple amines, often used in large excess to drive the reactions 

to completion.[10-13, 16, 17] Both of these limitations must be overcome for a viable commercial 

manufacturing process.

Herein we report the successful directed evolution of a RedAm to enable the synthesis of the key chiral 

intermediate 4. Not only was this enzymatic reaction critical to delivering a manufacturing process, it was 

also the first demonstrated at kilogram scale using benzylamine as a co-substate.[6]

Results and Discussion

Route selection and identification of RedAm Enzyme. 

The Pfizer in-house IRED screening panel consists of 88 wild type IRED enzymes.  An initial screen of this 

panel was conducted to identify enzymes capable of the reductive amination of ketone 9 with 

benzylamine to give the chiral benzylamino-alcohol 7. Table 1 summarizes these screening results. 
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Table 1. Screen of RedAms for conversion of 9 to 7. Conditions: 100 mM Potassium phosphate buffer, 
0.2 mL; RedAm, 1.0 mg; 9, 20 mM; benzylamine HCl, 40 mM; glucose, 24 mM; glucose dehydrogenase, 
0.5 mg/mL; NADP+, 0.5 mM; DMSO, 5%; 30 °C; pH8.0, 1000 rpm on a Thermomixer; 18 hours. Assayed 
by chiral SFC.

Enzyme 

Designation Accession ID % Conversion %ee

IR006 YP_007358783 20 -27

IR007 WP_005159789 21 96

IR017 WP_010638508 11 -100

IR040 WP_018429927 18 1

IR044 WP_023809753 16 -1

IR048 WP_027512056 18 37

IR050 WP_029347354 20 27

IR056 WP_034788492 16 8

IR059 WP_037099331 18 0

IR061 WP_038576230 17 29

IR064 WP_046711811 20 -54

IR077 WP_053252429 18 10

IR083 Q1EQE0 22 -75

IR109 AUD39487 16 -71

Several enzymes were identified with the desired selectivity, but only one of these, IR007, a hypothetical 

protein originally identified in Amycolatopsis azurea, exhibited the desired selectivity to a high degree, 

showing 21% conversion with 96% enantiomeric excess (% ee) under the conditions tested.  The reaction 

with IR007 was scaled to 0.5 g under pH control using 200 mM 9 (22.8 g/L) substrate loading and 4.6 g/L 

IR007 lyophilized cell-free lysate (20% by weight with respect to 9).  This reaction gave 35% conversion to 

7 with 97% ee after 50 hours.  Further process improvements optimizing reaction temperature and DMSO 

concentration increased the conversion to 38% after 48 hours while maintaining the high % ee.  During 

this reaction optimization it was observed that IR007 was sensitive to both reaction temperature and to 

benzylamine, both of which limit the possible process conditions. Though IR007 is a highly selective 

enzyme, its activity and stability were inadequate to deliver a scalable process.  

Enzyme engineering. 
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After initial evaluation, it was estimated that over 50-aggregate fold improvement (Table 2) in enzyme 

performance over wild type (WT) IR007 was needed to enable a manufacturing process.  We therefore 

embarked on a protein engineering effort to improve the performance of IR007, targeting increased 

tolerance to ketone 9 and benzylamine, and higher activity while retaining high selectivity.

Table 2. Process targets for commercial scale manufacturing in comparison to initial performance of 

WT IR007

Parameter Initial performance Target

Fold 

Improvement

Substrate loading 200 mM 500 mM 2.5x

% Conversion 38% 45% 1.1x

Enzyme loading 20 wt% 2 wt% 10x

Time 48h 24h 2x

For Phase 1 of the engineering effort, initial site selection and library design was performed using a 

structural homology model as there was limited structural information available for this class of enzyme.  

A total of 94 out of 286 positions in IR007 were selected for single site saturation mutagenesis (SSM).  

These sites comprise both active site and secondary shell residues, as well as other residues identified by 

bioinformatic analysis.  Phase 1 SSM libraries were initially screened at 35 g/L of ketone 9 with an enzyme 

load equivalent of 10 g/L of wet cell paste added as 40 μl of liquid expression broth (Figure 3) and assayed 

using achiral uPLC. This rapidly identified substitutions at 15 positions (Table 3a) that exhibited greater 

than 1.5 fold improvement over the parent (FIOP).  The most active variants exhibited between 1.61 and 

2.8 FIOP, and included the single substitutions M197W, M206H/R/K, A213N/R/F/H/K, A214H, I240L, 

Q217N, and S273G.  Of note, upon rescreening using chiral SFC, the enantioselectivity of the variants 

remained unchanged.
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Fig 3. Screening data from enzyme engineering phase 1 SSM libraries. a) Heat map of 94 sites tested, 

each column represents two sites (Supplementary Table S1 and Table S2 for additional details), sites 

with improved performance are shown in red color; b) Dimer view of protein homology model showing 

the location of sites exhibiting >1.5 FIOP; c) Protein monomer view showing the location of most active 

substitutions with product amine 7 and cofactor NADP+ shown.
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b)

c)
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Beneficial substitutions were identified at 24 positions (Table 3b) with greater than 1.3 FIOP.  

Interestingly, multiple substitutions were found at many of the positions where the characteristics of the 

substituted amino acids were vastly different.  For instance, IR007 mutants exhibited significantly 

increased activity when residue A213 was substituted with negatively charged Glu, positively charged Lys, 

polar Asn, and other nonpolar amino acid of varying sizes (Val, Phe, Ile, Pro). The number and variety of 

beneficial substitutions at these 24 positions called for a more complex and multipronged approach for 

the recombination phases of protein engineering.

Table 3. A) Sites exhibiting greater than 1.5 FIOP in phase 1 screens. For each site, the degree of 
conservation based on an alignment of the closest 250 non-redundant sequences is given, as well as the 
average, median, and max FIOP values across the entire saturation library. The corresponding 
substitution with the max FIOP is shown on the right. B) Substitutions with greater than 1.3 FIOP in 
phase 1 screens.

A)

  FIOP  

Site Site Conservation Average Median Max Substitution

V46 0.07 0.6 0.7 1.51 Ser

E120 0.38 1.15 1.29 1.52 Arg

M180 0.3 0.13 0 1.55 Leu

R187 0.28 0.89 1.02 1.51 Lys

M197 0.04 0.92 0.99 2.03 Trp

M206 0.32 1.02 0.99 2.26 Lys

G208 0.18 0.4 0.34 1.71 Pro

F209 0.2 1.14 1.13 1.6 Tyr

A213 0.37 1.54 1.47 2.84 Phe

A214 0.54 0.29 0.12 2.14 His

Q217 0.43 0.45 0.19 2.22 Asn

D229 0.05 0.35 0.1 1.73 Asn

D238 0.88 0.69 0.66 1.9 Gly

I240 0.85 0.24 0 2.65 Leu

S273 0.53 0.26 0.04 2.46 Gly
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B) 

E20A L169T G208P E227Q

E20Q N174A F209G D229N

E20T M180L F209K D238G

N21A V186F F209N D238N

V46A R187H F209Q D238S

V46S R187K F209S I240L

D47K R187Q F209Y I240V

A112C R187S E212P S273G

E120A R187W A213E

E120F M197A A213F

E120G M197F A213I

E120I M197L A213K

E120K M197V A213N

E120L M197W A213P

E120N M197Y A213R

E120P M206G A213S

E120Q M206H A213V

E120R M206K A214H

E120T M206Q Q217N

E120V M206R Q217R

In phase 2 of enzyme engineering, targeted recombinations were first made to determine interactions 

between positions in close proximity based on the structural homology model available at the time.  It 

was predicted that substitutions at E120, A213, A214, and Q217 could all change the charge landscape of 

a predicted channel leading into the binding site (Figure S2), with the highest performing substitutions 

adding positively charged amino acids. Double substitution variants at these positions showed that many 

of the possible combinations were additive.  Modest improvements in activity were seen when combining 

substitutions close in the primary sequence.  The variant IR007-41 contained the substitutions A213R and 

A214H and exhibited 3.17 FIOP.  Similarly, the A214H with Q217N substitutions in IR007-42 produced a 

variant with 3.57 FIOP.  The larger gains in activity, however, were seen with combinations involving both 

sides of the proposed access channel with the incorporation of substitutions at E120. The highest 

performing variant from this series of substitutions was IR007-49 (E120R, A213F), which exhibited 5.53 
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FIOP.  Unfortunately, triple substitution variants using templates from this series showed decreases in 

activity. Combinations of substitutions at positions M206, G208, and F209, all within the active site, 

showed only very small improvements in activity compared to the single substitution variants used as 

templates; the maximum FIOP observed was 2.38 FIOP for IR007-57 (M206H, F209S). Combinations at 

D238 and I240, both predicted to alter the position of the highly conserved L169 residue in the active site, 

were found to be additive, with the best combination being D238G and I240L in IR007-53, showing 4.63 

FIOP.

The initial phase 2 screening results revealed that double substitutions in close proximity to one another 

were largely additive when combined.  However, combining these beneficial access channel and active 

site substitutions pairs resulted in decreased activity compared to the double substitution variants used 

as templates.  In particular, neither substitutions at positions 206/209 nor 238/240 recombined favorably 

with substitutions at positions of 213/214/217. 

Phase 3 of enzyme engineering initially utilized several single and double variants identified in phase 1 

and early phase 2 as templates for targeted substitutions, iterative saturation mutagenesis (ISM) and 

combinatorial active site saturation testing (CASTing) libraries, as well as libraries randomly incorporating 

all the beneficial substitutions identified in phase 1 (Table 3b). 

As we progressed and identified improved variants, these were in turn used as templates for additional 

mutagenesis (Figure 4a).  As enzyme activity improved, the screening conditions used became more 

stringent, gradually decreasing the enzyme load and increasing the substrate concentration (Figure 4b).  
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Figure 4. Evolution of enzyme and screening conditions. A) Enzyme parent template, showing top hits 

from each phase of enzyme engineering. B) Screening conditions for different phases of enzyme 

engineering.

A)

B)

Condition

Screening Parameters 1 2 3 4

Substrate Loading 
(g/L)

35 35 50 50

Enzyme Loading (μL 
expression broth)

40 20 20 10

Enzyme Loading (wt%) 2.57 1.29 0.90 0.45

Engineering Phase 1 2 2/3 3
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Due to the number of beneficial substitutions and templates being investigated, as well the large number 

of possible combinations with CASTing and random recombination libraries, an exhaustive screen of the 

constructed libraries was not feasible.  Instead, a sample set of approximately 400 variants was screened 

from each library, with additional variants screened if any improvements were seen in the library.  This 

approach undoubtedly missed beneficial combinations but was required based on assay and resource 

limitations. Table 4 summarizes variant performance, highlighting several of the most improved variants 

from across the three phases of engineering.  The highest performing variant, IR007-143, contains six 

substitutions compared to the WT enzyme: E120A, M197W, D238G, I240L, M206S, and A213P.  Of note, 

that although the M206 position was identified as having substitutions that improved activity in phase 1, 

the M206C/N substitutions seen in IR007-128 and IR007-129 had deleterious effects on activity (0.88 and 

0.90 FIOP), highlighting the need to revisit substitutions previously observed not to be beneficial when 

working with advanced variant backbones.

Table 4 

Variant Substitutions

Screening 

Condition FIOP

IR007-E120A E120A 1 1.35

IR007-E120V E120V 1 1.31

IR007-01 E120K 1 1.43

IR007-02 E120R 1 1.52

IR007-09 A213F 1 2.84

IR007-13 A214H 1 2.14

IR007-16 I240L 1 2.65

IR007-17 Q217N 1 2.22

IR007-26 M206H 1 2.26

IR007-37 E120R, A213R 1 4.35

IR007-40 E120R, A214H 1 4.89

IR007-46 E120R, Q217N 1 2.92

IR007-49 E120R, A213F 1 5.53

IR007-50 E120Q, A213F 1 4.81

IR007-53 D238G, I240L 1 4.63

IR007-57 M206H, F209S 1 2.38

IR007-72 V46A, E120R, Q217N 2 5.13
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IR007-72 V46A, E120R, Q217N 3 24.6*

IR007-122 E120K, M197W, D238G, I240L 3 29.7*

IR007-123 V46A, E120R, R187W, D238G, I240L 3 28.9*

IR007-124 E120V, M197K, M206S, D238G, I240L 3 27.2*

IR007-125 E120A, M197W, D238G, I240L 3 26.4*

IR007-126 V46A, E120R, Q217N, D238G 3 23.0*

IR007-127 E120A, M197W, D238G, I240L, M206S 4 32.7*

IR007-128 E120A, M197W, D238G, I240L, M206C 4 33.7*

IR007-129 E120A, M197W, D238G, I240L, M206N 4 36.1*

IR007-130 E120A, M197W, D238G, I240L, M206R 4 33.3*

IR007-143 E120A, M197W, D238G, I240L, M206S, A213P 4 39.1*

Data represents n≥2.
*FIOP calculated using variants from previous phases of engineering as the comparator. 

As the screening conditions changed over the course of the program, we moved from using the WT to 

using advanced variants as the comparator, as the WT has very little activity under the final screening 

conditions.  FIOP was calculated using the comparator’s performance versus the WT in milder conditions 

as a multiplier to obtain the overall FIOP.  After the final variant was identified, a selection of variants from 

across the program were prepared to compare directly under the final screening conditions (Figure 5).

Figure 5. Selected Variant Performance under the final screening conditions: 100 mM potassium 

phosphate buffer, 0.2 mL; RedAm culture, 10 μl; 9, 50 g/L; benzylamine HCl, 0.6 equivalents; DMSO, 

7.5%; NADP+, 0.25 mg/mL; GDH, 0.25 mg/mL; 30 °C; pH 8.0, 1000 rpm on a Thermomixer; 18 h.  Assayed 

using GC.
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Though overall trends in FIOP largely agreed with those calculated using the comparator, IR007-02 

(E120R) is an obvious exception.  Under the final lower enzyme and higher substrate loading conditions, 

this variant was dramatically improved when compared to other phase 1 variants, showing 16.79 FIOP.  

Similarly, IR007-17 (Q217N), stands out among the other phase 1 variants.  Neither E120R nor Q217N are 

found in the final variant, leading one to question if these substitutions were dropped from the 

engineering program prematurely or if the strategies employed would have been different had this 

information been available earlier in the program.  A closer examination of the variants screened revealed 

this is not the case.  Due to the large number of beneficial substitutions identified at E120 in phase 1 

screening, this site was routinely saturated in subsequent phases of engineering when the templates used 

did not already contain a substitution at E120.  Q217N was similarly investigated in all templates used in 

phases 2 and 3.  Additionally, IR007-46, which contains both E120R and Q217N, was investigated with 

CASTing and random recombination libraries, from which IR007-72 was identified.  This variant was 
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extensively mutated in phase 3, eventually leading to an evolutionary dead end at IR007-126, with no 

improvements identified upon further mutagenesis. As noted previously, substitutions at E120 and Q217 

are among those predicted to change the charge landscape of a proposed channel leading to the binding 

site, with the two sites on opposite sides of the channel.

Final Variant Analysis

To shed light on the molecular context of the beneficial mutations, the structures of IR007 and the mutant 

IR007-143 were solved using X-ray crystallography (PDB IDs 8BJ5 and 8BK1, respectively).  The wild-type 

IR007 displays the canonical IRED-fold;[18] the monomer comprises an N-terminal Rossmann cofactor-

binding domain linked through a long helix to a C-terminal helical bundle. Two monomers associate with 

reciprocal domain sharing to form two active sites per dimer at the interface of the N-terminal domain of 

one monomer and the C-terminal domain of its partner Figure 6a. Each active site contained density for 

the cofactor NADP+. Of IRED structures in the PDB, the IR007 monomer is most similar to the (S)-selective 

imine reductase enzymes from Stackebrandtia nassauensis (6JIT; 56% id; 1.0 Å over 292 C-alphas) and 

Nocardiopsis halophila (4D3S;[19] 45% id; 1.8 Å over 285 C-alphas), as determined by the DALI server.[20] 

Compared to the homology model used in the initial site selection, the RSMD of the IR007 monomer is 

1.9 Å over 292 C-alphas.

The IR007 active site is characterized by residue Y165 which projects down from the interdomain helix 

into the active site in close proximity to the nicotinamide ring of the cofactor. Equivalent tyrosine residues 

have been implicated in catalysis in IREDs, especially those for which the selectivity for the model 

substrate 2-methylpyrroline is (S) [19,21,22].  Mutation of these tyrosine residues to F or A can render the 

enzymes inactive.[19, 21, 22] The helix containing Y165 also contributes L169, F172 and L176 to the left-

hand wall of the active site as seen in Figure 6b, together providing a largely hydrophobic environment 

for substrate binding. The front of the active site, which is formed in the closed conformation of the 
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enzyme, is dominated by two methionine residues from the ‘B’ chain, M232 and M233, the side chains of 

which project towards the nicotinamide ring. 

Figure 6: A) IR007 dimer showing location of mutation sites in variant IR007-143. B) IR007-143 active site 

with iminium ion intermediate docked with Autodock Vina.[23]

While we were not able to obtain a ternary complex with both cofactor and substrate 9 or product 7, the 

intermediate (R,Z)-N-(2-hydroxy-2-methylcyclopentylidene)-1-phenylmethanaminium was modelled 

into the active site using Autodock Vina (Figure 6b).[23] The docking results suggest an aromatic binding 

pocket for the benzyl group is formed by the side chains of M116 and F172 at the rear of the active site 

as shown.  It also places the methyl group of the favored (R)-enantiomer of the chiral alcohol in a pocket 

formed by F172, L173 and M233.  The imine is bound in the correct orientation to receive hydride from 

the C4 atom of the cofactor nicotinamide ring at the si-face of the imine, which would give the 

experimentally observed (R)-enantiomer at the amine stereocenter.  The recently deposited structure of 

6JIT in complex with 1-(2-phenylethyl)-3,4-dihydroisoquinoline[24] affords an informative comparison 

with IR007 as much of the hydrophobic character of the substrate binding sites within the two enzymes 

is retained.   Residues L169 (IR007) (L175 in 6JIT), L176 (L182), M232 (M245) M233 (M246) are conserved, 
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but F172 of IR007 is replaced by smaller L178 in 6JIT (Figure S1). The substitution of Y210 in IR007 for 

M216 in 6JIT at the rear of the active site appears to be crucial for substrate specificity determination, as 

superimposition of the two structures shows Y210 in IR007 clashing with the aromatic ring of the 

phenylethyl side chain in the 6JIT complex, reflective of a smaller active site overall in IR007.

Structural Consequences of Mutation in the IR007-143 variant

The structures of both IR007 and IR007-143 variant permit analysis of the molecular context of these 

improving mutations: E120A is on the periphery of the enzyme at the entrance to the active site access 

channel; although E120 appears to make no close interactions with other residues, its mutation to 

hydrophobic alanine contributes to a change in the charge landscape of the access channel (Figure S2). 

A213 is also part of the active site access channel and while again making no close interactions with other 

amino acids, its mutation to proline indirectly changes the charge landscape by moving adjacent E212 

away from the channel opening, further reducing the negative charge at this site. 

 M197W intercalates with L211 and L215 of the partner monomer at the interface of C-terminal domains 

at the base of the enzyme. Due to the increased size of the side chain, the M197W mutation pushes L211 

1.8 Å from its position in the wild-type enzyme and also causes the position of F209 and Y210 to shift, 

changing the topology of the active site. M206S is at the interface of the C-terminal domain and the N-

terminal domain of its neighbor, again, not forming any close interactions with other residues.  However, 

the M206S mutation introduces an H-bond to the backbone carbonyl of N203 on the same helix through 

the hydroxymethyl side chain. D238 forms a salt bridge with K258 on the neighboring helix.  This salt 

bridge interaction is disrupted by the D238G mutation, and as a result, the K258 side chain changes 

orientation and makes an alternative salt bridge with D262. I240 interacts with L169 and L173 on the 

interdomain helix of the neighboring monomer, and the I240L mutation permits the relocation of L169 
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into space made available by the smaller amino acid, thus making more space available within the active 

site.  Changes within the active site are detailed in Figure 7.

Figure 7: Superimposition of active sites of WT IR007 (carbon atoms in purple) and IR007-143 (grey) 

illustrating the location and effects of mutations E120A, M197W, D238G and I240L

The mutations to IR007 reveal a mixture of substitutions both within and distant from the active site, with 

the implication that multiple effects may contribute to improved performance by the IR007-143 variant.  

An attempt was made to determine kinetic constants for both WT and variant (Figure S3). In each case, 

while kinetic plots reached saturation, pronounced substrate inhibition was observed, although data at 

substrate concentrations higher than 350 mM could not be obtained, so data were not sufficiently reliable 

to calculate values for Ki. However, the plots strongly suggest that Vmaxapp was increased for the variant 

as much as 2-fold, and that the Ki would be considerably increased in the variant, perhaps as a result of 
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active site modifications, and presumably leading to improved performance at the higher concentration 

under process conditions. The melting temperature (Tm) of WT and variant were also measured in the 

presence and absence of added cofactor using nano-DSF (differential scanning fluorimetry, Table S2). The 

Tm of the variant was revealed to be increased by approximately 5°C in each case, indicative of greater 

process stability, and perhaps attributable to the modifications made to interdomain interactions in the 

variant.  Increases in melting temperature, and also half-life, were cited as major reasons for improved 

enzyme performance in the creation of the ‘M3’ variant of ‘IR46’ from Saccarothrix espanaensis[14] and 

‘IRED88’ from Streptomyces spectabilis[17] from researchers at GSK and Novartis respectively.

Conclusions

Herein, we described how the engineering of a RedAm from Amycolatopsis azurea enabled the 

development of a substantially improved enzyme catalyst.  The final engineered enzyme, IR007-143, 

supported manufacturing efforts at kilogram scale with a substrate load of 50 g/L, 43% conversion with 

an isolated 98.4% ee [6], and reached process targets described in Table 2. The x-ray crystallography, 

molecular modelling, and structural analysis presented suggest the modulated distribution of charges 

leading into the active site (Figure S2), as well as the change in available space illustrated in Figure 7, led 

to improvements in the kinetic properties of the enzyme and enabled higher substrate concentrations, 

increasing Vmax twofold. The Tm of the final variant was increased by approximately 5°C and was 

evidenced by increased operational stability under process conditions. The enabled process is more 

sustainable and efficient compared chemical routes used previously.[6] This study represents the first 

enzyme engineered to support a reductive amination using benzylamine as amine partner, which is very 

relevant in the synthesis of amine derivatives that are highly water soluble. 

Experimental
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IRED Panel Screening

The Pfizer IRED/RedAm screening panel consists of 88 wild type enzymes described in multiple 

sources[11, 12, 25, 26] and prepared as lyophilized cell free extract (Prozomix, Haltwhistle, UK).  1.0 mg 

of each enzyme was arrayed in a 96-well deep well plate prior to conducting the screen.  Final screening 

conditions: 100 mM Potassium phosphate buffer, 0.2 mL; RedAm, 1.0 mg; ketone 9, 20 mM; 

benzylamine HCl, 40 mM; glucose, 24 mM; glucose dehydrogenase, 0.5 mg/mL; NADP+, 0.5 mM; DMSO, 

5%; 30 °C; pH 8.0, 1000 rpm on a Thermomixer; 18 hours.  After incubation, the reactions were 

quenched with 0.60 mL acetonitrile, centrifuged to remove solids, and analyzed by chiral SFC. 

Template identification and homology model construction 

The Chemical Computing Group’s Molecular Operating Environment (MOE) suite of tools was used to 

calculate amino acid conservation rates at each position along the protein backbone using an alignment 

file containing the closest 250 non-redundant sequences identified through a BLAST search (E-value 

≤4.6e-99). A template search for homology modeling was performed in MOE and a BLAST search of Protein 

Data Bank proteins.  The selected template, 4D3D from Bacillus cereus BAG3X2, resulted in an alignment 

with 50% identity to IR007 and a Pairwise % Positive (BLSM62) of 68%.  A homology model was 

constructed using MOE.  For this model, the conserved cofactor binding motif GxGxxG was constrained 

between the template and IR007 sequences, as were the highly conserved active site residues 

corresponding to Tyr165 and Phe172.

Identification of positions for site saturation mutagenesis

Binding site residues in the homology model were identified using the Site Finder function in 

MOE.  Secondary shell residues were identified by selecting residues within 4.5 Å of binding site residues.  

Additional tools in MOE were used to predict rigidifying substitutions as well as identify hydrophobic 
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patches on the protein surface. All residues were sorted and scored by calculated conservation rates, 

variability of amino acids seen in the alignment mentioned previously (number of amino acids seen and 

chemical characteristics), and distance from the binding site. 94 positions were selected for site saturation 

mutagenesis (SSM) library creation.

Data collection, structure solution and refinement

The datasets described in this report were collected at the Diamond Light Source, Didcot, Oxfordshire, 

U.K. on beamlines I03 and I04. Data were processed and integrated using XDS[27] and scaled using 

SCALA[28] included in the Xia2 processing system.[29] Data collection statistics are provided in Table S3. 

The crystals of WT IR007 and IR007-143 were obtained in space groups H32 and P212121 respectively, with 

four molecules in the asymmetric unit in each case; the structures were solved by molecular replacement 

using MOLREP[30] with the monomer of the IRED from Stackebrandtia nassauensis (PDB ID 6JIZ) as the 

initial model, and were built and refined using iterative cycles in Coot[31] and REFMAC,[32] employing 

local NCS restraints in the refinement cycles. Following building and refinement of the protein and water 

molecules in this complex, residual density was observed in the omit maps at the dimer interfaces for 

each structure, which could be clearly modelled as NADP+. The final structures of IR007 and IR007-143 

exhibited % Rcryst /Rfree values of 24.7/27.3 and 18.8/21.1 respectively Refinement statistics for the 

structures are presented in Table S3. The structures of IR007 and IR007-143 have been deposited in the 

Protein Databank (PDB) with accession codes 8BJ5 and 8BK1 respectively. 

Supporting Information

Additional experimental details, materials, and methods, as well as additional data supporting the findings 

reported are available as supporting information. All other data is available from authors upon reasonable 

request.
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