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ABSTRACT 

Enzymes are capable of  unique and selective transformations that can enable sustainable chemical 

production. While many industrial processes have been developed using free enzymes in aqueous 

solutions, immobilizing enzymes on a solid support can offer considerable advantages, including 

improved reaction efficiency, enzyme stability, the ability to perform reactions in non-aqueous 

media, and simplified separation of product from enzyme. Herein, we describe the development 

of a biocatalytic transaminase reaction of CyreneTM (2) utilizing an immobilized, evolved 

transaminase enzyme in an organic solvent to provide amine intermediate 3a en route to the 

Bruton’s tyrosine kinase (BTK) inhibitor nemtabrutinib. Enzyme immobilization is critical to 

facile isolation of the water-soluble product.  Improved reaction kinetics and diastereoselectivity 

were achieved by bridging directed enzyme evolution with the selection of an optimal reaction 

solvent and solid support for immobilization, enabling a unified solvent system and direct isolation 

of 3a as a crystalline salt with dr > 50:1. 

  



 

 

Introduction  
 

Nemtabrutinib is an investigational non-covalent Bruton’s tyrosine kinase (BTK) inhibitor 
for the treatment of chronic lymphocytic leukemia and small lymphocytic lymphoma.1 The 
molecule features the chiral cyclic amino alcohol fragment 1 (Figure 1) which was previously 
obtained via a multistep synthesis involving a number of protecting group manipulations and 
functional group interconversions.2 We recently described a concise, two-step synthesis of 1 from 
biorenewable CyreneTM (2),3 which involved an enzyme-catalyzed diastereoselective 
transamination of CyreneTM (2) to form cyrene amine intermediate 3a followed by a reductive ring 
opening step to yield the desired amino alcohol 1.4 

 
Transaminases catalyze a reversible conversion of ketones or aldehydes to their respective 

amines in the presence of a sacrificial amine donor (i.e. alanine, isopropylamine) and have been 
extensively utilized in industrial syntheses to access chiral amines.5-10 Among commercially 
available transaminases, we identified that ATA-426 was uniquely effective to generate the desired 
trans-diastereomer of cyrene amine 3a in high yield and diastereoselectivity (Figure 1).4  ATA-
426 had been previously engineered to function at elevated temperatures and pH using 
isopropylamine as an economical and practical amine donor.6 While ATA-426 could provide 
cyrene amine 3a with high conversion and diastereoselectivity under aqueous free-enzyme 
conditions (Figure 1B, Entry 1)  these reactions required relatively high enzyme loading (20 wt%; 
see SI Tables S1 and S2). Additionally, the reaction required active pH control to avoid 
unproductive protonation of the amine donor  and continuous acetone removal by both a headspace 
nitrogen sweep and vacuum to avoid increased levels of side product 4. For example, a reaction 
without acetone removal resulted in significant levels of 4 (10% without vs. 2.6% with acetone 
removal) and suboptimal yields of 3 (75%, Figure 1B, Entry 2). While active pH control and 
continuous acetone removal operations were successful at laboratory scales, they presented 
significant challenges for reliable and robust execution at scale.  
  







 

 

of solvent washes were performed following the immobilization step (Figure 2B). First, unbound 
protein was removed using water washes which were then followed by several washes with the 
final water-saturated organic solvent. Such prepared resin could be filtered and charged to a 
reaction mixture (Figure 2, C). Utilizing this protocol, we achieved 55% conversion of 300 g/L 
Cyrene™ 2 to cyrene amine 3 in 24 h at 50 C using 2 equivalents of iPrNH2 and 200 wt% resin, 
equivalent to ~11 wt% enzyme32 relative to 2, in water-saturated IPAc. Intriguingly, the aldol side 
product 4 formation was significantly decreased (5.7%) without the need for acetone removal and 
with only half of the enzyme loading compared to the aqueous transaminase conditions. 

 
With this promising result in hand, we further optimized the reaction to identify the 

conditions that provided a suitable balance of enzyme reactivity, productivity, and side product 4 
formation. Using 100 g/L Cyrene™ 2, 1.25 equiv. iPrNH2, 150 wt% resin loaded with immobilized 
transaminase, equivalent to 8 wt% enzyme relative to 2, in water-saturated isopropyl acetate 
(IPAc) at 60 C amine 3 was produced in 80% GC area percent with a 13:1 dr after 24 h, with only 
4.7% aldol by-product 4.  Amine 3a could be isolated from the reaction stream in a facile manner 
by filtering the immobilized enzyme, concentrating the filtrate to remove excess iPrNH2, followed 
by the crystallization of 3a as the tosylate salt 3a∙TsOH from a mixture of IPAc and 2-MeTHF. 
Crystallization of representative streams provided both a chemical and optical purity upgrade, 
affording 3a∙TsOH in about 98% yield from 3 and > 20:1 dr.  

 
While immobilization of ATA-426 on the HP2MGL resin enabled the formation of 3 in 

acceptable yield, the moderate dr and long reaction times offered room for improvement. To 
improve the performance of the immobilized transamination reaction we next opted to further 
engineer the transaminase enzyme with the goal to increase its activity and diastereoselectivity 
when immobilized.  
 
Enzyme engineering  
 

  Using ATA-426 as a starting point for the directed evolution, the overall enzyme 
engineering strategy focused on iterating between: 1) identifying individual beneficial mutations 
via site saturation mutagenesis of the active site, surface, and core residues –based on a homology 
model33 and 2) recombination of the beneficial mutations to identify  improved variants (Figure 
3).  Given the operational complexity of high throughput enzyme immobilization, we did not 
perform directed evolution using immobilized variants. We hypothesized that the features limiting 
the enzyme under immobilization could be optimized by applying appropriate pressures in an 
aqueous, non-immobilized screening system. Consequently, we used temperature, solvent 
stability, selectivity, and substrate concentration as the evolutionary pressures to screen large 
mutant libraries for transamination under aqueous conditions and only the top-performing variants 
from each round of engineering were assayed in the immobilized format in organic solvent (see SI 
for experimental details).  

 
In the first round of evolution, we targeted the residues surrounding the active site, surface 

and core of the protein via site saturation mutagenesis. A variant containing the A5L mutation 
displayed a 1.4-fold increased activity (Figure 3) and ~2-fold improved expression from high 
throughput lysates. Subsequent recombination of the A5L-mutant (Rd2BB) with additional 
beneficial mutations identified in Rd1 afforded a 2.7-fold more active variant  under aqueous 
conditions, which was chosen as the next round backbone (Rd3BB). The third round of evolution 
focused on identifying mutations beneficial for selectivity. Saturation mutagenesis of the active 



 

 

site residues identified an additional mutation V69A that resulted in a significantly increased 
selectivity (40:1 dr) and 1.5-fold improved catalytic activity under aqueous conditions. 
 

In the final round of evolution, we sought to increase the enzyme thermostability and 
activity at elevated temperatures in organic solvents. To identify thermostabilizing mutations, 
selected variants from previous rounds of evolution with improved activity were subjected to a 
heat challenge (10 min at 70 °C) and assayed for residual activity. The screen identified thirteen 
stabilizing mutations which were then recombined with the mutations identified as beneficial for 
selectivity from Round 3. Variants generated from this combinatorial library were subjected to an 
increased heat challenge at 76 °C in Round 4. This library yielded the final variant termed ATA-
492, which harbored five additional mutations (Figure 3). ATA-492 displayed an overall 4-fold 
improvement in activity, increased diastereoselectivity (88:1 dr) and thermostability (T50 = 83 °C) 
relative to the parent ATA-426.  
 

 
Figure 3. Four rounds of directed evolution starting from ATA-426 provided ATA-492, an 
enzyme for Cyrene™ transamination with improved activity, selectivity, and thermostability.  
Assay conditions: 75 g/L Cyrene™ 2, 10 wt% transaminase lyophilized lysate, 1 g/L PLP, 0.1 M 
sodium borate buffer pH 10.5, 1 M iPrNH2, 45 °C. Rates measured by quantitative 1H NMR using 
maleic acid as internal standard; dr measured after 17 h by LC after DNFB derivatization. T50 

measured as temperature at which the enzyme retains 50% of its original activity; determined by 
assaying activity after the enzyme is subject to a 10 min heat challenge. Ribbon diagram shows 
the transaminase dimer, with PLP in pink. Mutations are represented as spheres and shown in one 
monomer of the enzyme dimer for clarity. DNFB = 1-fluoro-2,4-dinitrobenzene. 

 

 
Reaction Solvent Optimization 
 

Next, we compared the performance of the immobilized ATA-492 and ATA-426 in water-
saturated IPAc (Figure 4A). The reactions were tested using a SpinChem rotating bed reactor 
(RBR), which holds the catalyst in a rotating basket suspended in the bulk liquid, allowing 
automated sampling from the liquid phase. In water-saturated IPAc the immobilized ATA-492 
provided ~4.6-fold enhancement of the initial rate over ATA-426, with reactions proceeding to 
>98% cyrene amine 3 (3a and 3b) after 14 h (see SI Table S4). These results demonstrated that 
the improvements identified with the free enzyme under aqueous conditions during the enzyme 
evolution translated well to the immobilized enzyme performance in an organic solvent. 
Interestingly, using ATA-426 the product dr did not exhibit significant erosion over the course of 
the reaction while for ATA-492 a high dr could be observed at early reaction stages (34:1 dr at 





 

 

 
 

     

Figure 5. Resin Screen (GC area percent of both diastereomers 3a and 3b at 16.5 hr) for ATA-
492 immobilized on resins specified. The resin matrix (MA = methacrylate, DVB = 
divinylbenzene, PS = polystyrene) and vendor disclosed functionalization (in bold) are listed. 
Reactions were performed in 2-MeTHF, as described in Figure 4. Resins functionalized with an 
alkylamine are colored red. HP2MGL is colored dark grey. Error bars are SEM, n=2.  

 

For each resin, the immobilization of transaminase ATA-492 was conducted under 
identical conditions and the transamination reaction performance was determined at a fixed 16.5 
hr time point. Resins with less polar surface functionalization or polymer matrices compared to 
HP2MGL did not show improvements in performance as did a resin with similar chemistry to 
HP2MGL but lower pore volume and surface areas (XAD7HP). Immobilization of the enzyme on 
the hydrophilic methacrylate-based resins functionalized with an alkylamine linker (ECR8309F, 
ECR8409F, ECR8415F), however, resulted in the highest amine product 3 (≥ 86%) compared to 
HP2MGL resin (60.6%).  

 
We hypothesize that under the immobilization conditions (pH 6.8), the transaminase 

(calculated pI 4.9 for ATA-492) and the amino-derivatized resin are oppositely charged, resulting 
in an increased adsorption and/or retention of the active enzyme to the alkylamine ECR resins over 
E. coli proteins. In contrast, the binding mode of the crosslinked methacrylate resin HP2MGL 
relies on hydrogen bonding and does not provide any detectable selectivity for the transaminase 
under the immobilization conditions.  

 
Consistent with this hypothesis, the ATA was more selectively immobilized over E. coli 

proteins present in the crude cell lysate. We estimate an approximately 50% enrichment in ATA 
relative to host cell proteins based on the analysis of the change in protein composition in the 
supernatant by SDS-PAGE and SEC (SI Table S6, SI Fig S6). We observed further activity 
improvements with the immobilized ATA-492 using resins with longer amine spacers (C2 to C6, 
ECR8309F vs ECR8409F, respectively) and increased median pore size (90 nm to 150 nm, 
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