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Abstract

Chiral B-hydroxy a-amino acid stru-tural \notifs are interesting and common synthons
present in multiple APIs and dru¢ ~a.>didates. To access these chiral building blocks
either multistep chemical syntheses ar= required or the application of threonine aldolases,
which catalyze aldol reactions becveen an aldehyde and glycine. Bioinformatics tools
have been utilized to identify *1e y2ne encoding threonine aldolase from Vanrija humicola
and subsequent preparatior, o1 its recombinant version from E. coli fermentation. We
planned to implement this ~rzyme as a key step to access the synthesis of our target
API. Beyond this srec fic ipplication, the aldolase was purified, characterized and the
substrate scope of thi. enzyme further investigated. A number of enzymatic reactions
were scaled-up and &ie products recovered to assess the diastereoselectivity and
scalability of this asymmetric synthetic approach towards B-hydroxy a-amino acid chiral
building blocks.

1. Introduction

Biocatalysis is gaining ever more attention in the pharmaceutical industry, in part due
to recent break-through applications of diverse enzymes offering shorter, greener and
more atom- and cost-efficient routes to drug candidates or APIs.! Industrial biocatalysis
is largely recognized for its power to interconvert functional groups, however bond



formation, especially C-C and C-N, remain under-represented.? As mentioned in a recent
publication?, aldolases are discrete enzymes capable of catalyzing C-C bond formation,
however, broader use of these biocatalysts has yet to become commonplace industrially.
Despite a handful of successful industrial scale processes applying aldolases, the limited
number of compatible reactants has prevented wide spread uptake of this technology.
Accelerated progress in enzyme engineering has further advanced aldolase application
by broadening the scope for acceptors and donors,® increasing their stereospecificity*
and improving their thermostability.®

In our case, threonine aldolases (TAs) were of particular interest because of their potential
to synthesize B-hydroxy a-amino acids in an enantio and diastereoselective manner. This
class of aldolases has been studied extensively by multiYe academic groups.® The
advantage of TAs is their inherent potential to generate t~.> c.iral centers in one step
starting from two prochiral substrates; inexpensive glycine anJ an aldehyde (Figure 1).
The resulting B-hydroxy, a-amino acid structural motif i 5 fo.'nd in many natural products
(vancomycin, cyclosporin, polyoxin D)’ and represe:ts a1 interesting synthon of many
pharmaceutical intermediates (e.g. DOPSg, a pepuu~ nimetic of RNA®, monocyclic B-
lactams??). In our case, we were looking to find a.> asymmetric route towards such a
synthon with trans configuration (target ~onipound 1a). Despite the risk that
stereochemistry at the B-center might not b= ~er‘ect, we were looking for initial starting
activity to form our target compound 1a Such an enzyme could be further improved by
enzyme evolution if required. High-th.~uyhput screening and even selection to assist
enzyme engineering of PLP-dependent «nzymes, such as TAs, has been described
previously.!?

Unfortunately, during the course of ~.r early work the target compound was deselected
from our internal program. Hc vever, we recognized the utility of the enzymatic work
carried out for this project anu sought to develop it further for future applications.
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Figure 1: retrosynthetic planning for synthesis of B-hydroxy a-amino acids using threonine aldolase towards target
compound la.

A number or reports have been published on using glycine-dependent aldolases in the
synthesis of such L-anti analogues; mainly by threonine aldolases (TAs) or serine
hydroxymethyltransfereases (SHMT).*? One such catalyst with good biochemical
characterization, L-TA from Vanrija humicola, was reported, purified and crystallized
almost 50 years ago,*® however no gene accession number or DNA sequence is known,
limiting its application.



Here we report on the identification of the gene encoding this aldolase from Vanrija
humicola by in-silico gene mining. Vanrija humicola was originally taxonomically
classified as Candida humicola and later changed to Cryptococcus humicola with its
current classification residing in the Genus Vanrija; making these organism names
homotypic. We describe the subsequent gene cloning, purification and application to the
synthesis of B-hydroxy, a-amino acids which are valuable building blocks in the
pharmaceutical industry. Publishing this gene gives other researchers the ability to tap
into the biocatalytic potential of this aldolase or use it as starting point for subsequent
enzyme evolution for a specific application.

2. Materials and Methods
2.1. General
All chemicals and solvents were purchased from comme., ciau suppliers (Sigma-Aldrich,
VWR and Brenntag) and were used without further purii.~at.on.
All NMR spectra were recorded on a Bruker 400 MH~ ;' vance lll spectrometer in
Methanol-ds or DMSO-ds and are referenced to th: residual solvent peak.

High-resolution mass spectra were recorded o> an electrospray ionization quadrupole
time-of-flight (ESI-Q-TOF) MaXis system (B 'u. er Daltonics, Bremen, Germany) coupled
to an Agilent 1200 HPLC system (Agile’« .2c.>nology, California, USA). Analytical HPLC
was performed using an Agilent 1260 “~LC system with a photo-diode array UV/Vis
detector and a single quadrupole h.SD system (Agilent technology, California, USA) or
UPLC Acquity (Waters, Massachuzc*ts, USA).

2.2. Gene mining

DNA genomic assembly was . 2rformed using MIRA.* Gene calling was performed using
EXONERATE.*® Annotatinn 0" genes was performed using BLASTx taking the top hit to
explain the likely functic ot cach gene. Codon optimization was performed using JCat.16
All sequence visua'..atu>n was conducted in Geneious (Biomatters Ltd. Auckland, NZ).
The genome assenbly used for this work was: Vanrija humicola
JCM_1457 assembly v001 (NCBI). Multiple sequence alignments were performed to
confirm BLAST results of identified genes and was performed with Clustal Omega.*’

2.3. Gene cloning and expression

A gene encoding wild-type L-TA from E. coli was purchased from Genewiz (South
Plainfield, NJ, USA) in pET28a (Ndel and Hindlll restriction enzyme cloning). The plasmid
was transformed into E. coli BL21(DE3) and the cells were cultivated on an LB agar plate
containing 50 ug/mL kanamycin. A pre-culture from a single colony of freshly transformed
cells was cultured in 20 mL of LB medium containing 50 ug/mL kanamycin at 37 °C. After
the culture reached ODgpo=0.5 it was induced by addition of 1 mM IPTG (final
concentration), and further cultivated for 3 hours. The cells were pelleted by centrifugation



at 4000 x g, 4 °C, for 10 min, and the supernatant was discarded. Protein expression was
confirmed by SDS-PAGE.

Five genes encoding for different variants of the L-TA from Vanrija humicola ATCC 20265
(reclassified into the Genus Vanrija at a later date) were purchased from Genscript in
pET28a. Ncol and Xhol with a stop codon to the 3’ side of the Xhol site for all five variants
which are non-his tagged variants. Each plasmid was transformed into E. coli BL21(DE3)
and the cells were plated on a LB agar plate containing 50 yg/mL kanamycin. A pre-
culture from single colony of freshly transformed cells was cultured in 10mL of Terrific
Broth medium containing 50 pg/mL kanamycin at 37 °C. After the culture reached
ODe00=0.4 expression was induced by the addition of 1 mM IPTG (final concentration).
The cultivation temperature was then reduced to 30 °C, an the culture was incubated
overnight. The cells were pelleted by centrifugation at 7000 » g, at 4 °C, for 10 min, and
the supernatant was discarded. Protein expression was de‘erniined by SDS-PAGE.

Proposed gene sequences of five potential aldolases ir . =T28a (Ncol and Xhol restriction
enzyme cloning) were purchased to avoid N- and C-te) minal HisTag for initial expression
study). After the protein expression (as above) ai.1 ac tivity study, the gene encoding L-
TA 1 was recloned with either N- or C-terminal H'sTa2 for protein purification -Ndel and
Xhol restriction enzyme cloning was adopted 0’ the N-his tagged Ald_1. Ncol and Xhol
restriction enzyme cloning was adopted for *he C-his tagged Ald-1 variant.

2.4. Protein purification

From 1 L culture grown in LB mediL ™ 10 g of cell pellet was obtained and suspended at
4 °C in 250 mL of the lysis bufi~r (130 mM NaH2PO4, 300 mM NaCl and 10 mM
Imidazole, pH 8.0). The cell < 'spension was disrupted using a French press twice from
800 to 80 bar.

The suspension was t=~n <entrifuged at 10,000 x g for 45 min to obtain a clear
supernatant which was sub sequently filtered through a 0.22 um filter. Clarified lysate was
loaded onto a HisTrap ~xel column (GE) at 1 mL/min, previously equilibrated with buffer
containing 250 mM im:iuazole. Protein was eluted with 350 mL of buffer containing 250
mM imidazole buffer and washed with 500 mM imidazole buffer. The fractions containing
the aldolase were dialyzed at 4 °C against 2 L of PBS buffer (pH=7.3) with an YM-30
membrane. Protein concentration after dialysis was estimated as 2.9 mg/mL (at A280, f:
0.37). Aldolase was diluted to a final concentration of 0.60 mg/mL with buffer (100 mM
phosphate buffer pH=7.0, 0.05 mM PLP and 25% glycerol), aliquoted into 0.5 mL portions,
frozen on dry ice and stored at -80 °C in a freezer until further use.

Large scale purification from 4 L of culture has been carried out by a third party (BLIRT)
and purification method is described in supplementary information.



2.5. Enzymatic assays on analytical scale

Calculation of conversions using UPLC- or HPLC-UV analysis:

The conversion was calculated as follows:

Conversion = TAC peak area of the target compound / (TAC UV peak area of the target
compound + TAC UV peak area of starting material)

TAC: Total Absorbance Chromatogram (210 — 450 nm)

The HPLC-MS estimated relative conversion was calculated as follows:

MS Estimated relative Conversion = MS peak area of the target compound with the
chosen reaction conditions / (MS peak area of the target compound in the reference
reaction conditions)

Pig liver serine hydroxymethyltransferase:

To a 2 mL Eppendorf tube was added 400 uL of phochawe buffer 200 mM (pH=7.0, 7.4
or 8.0), 5 pL of the aldehyde solution in a 0.1 M so’'utucn in DMSO (1 mM final
concentration), 5 pL of glycine (1 M solution, 10 eou.*.) and 100 uL of liver S9
homogenate (protein concentration 11.3 mg/m 2stimated by Bradford method in
triplicates).'® The tube was incubated overniyi 2’ 30 °C and 1100 rpm in an Eppendorf
Thermomixer. After 20 hours, the reactic.. we.= quenched with 5 mL ACN/MeOH (1:1),
stirred 5 min at 1100 rpm and centrifuy>d at 21,130 x g for 3 min. The clear supernatant
was analyzed using the UPLC mon'toring nethod (see supplementary information).

L-TA from E. coli:

To a 2 mL Eppendorf tube w~s ac'ded 500 uL of the cell free extract (protocol described
in Supplementary informatio.”) i 200 mM Tris buffer (pH=7.5), 5 pL of the aldehyde
solutionin a 0.1 M in DMSC <(ock (1 mM final concentration) and 5 yL of glycine 1 M
(10 equiv.). The tub~ was incubated overnight at 37 °C and 1100 rpm on an Eppendorf
Thermomixer. The reaction was quenched with 500 uL ACN/MeOH (1:1), stirred for 5
min at 1100 rpm and cntrifuged at 21,130 x g for 3 min. The clear supernatant was
analyzed using HPLC monitoring method (see supplementary information).

Crude lysate of Vanrija humicola:

To a 2 mL Eppendorf tube was added 500 pL of the cell free extract (protocol described
in Supplementary information) in the reaction buffer (phosphate buffer 200 mM, pH=7.0,
0.05 mM PLP), 2.5 uL of the aldehyde solution from 0.1 M in DMSO stock (0.5 mM final
concentration) and 12.5 pL of glycine 1 M (50 equiv.). The tube was incubated overnight
at 30 °C and 1100 rpm on an Eppendorf Thermomixer. The reaction was quenched with
500 pL ACN/MeOH (1:1), stirred for 5 min at 1100 rpm and centrifuged at 21,130 x g for



3 min. The clear supernatant was analyzed using HPLC monitoring method (see
supplementary information).

2.6. General procedure for screening aldehyde acceptors

To a 2 mL Eppendorf tube was added 10 pL of the aldehyde stock solution in DMSO
(0.1 M, final concentration 10mM), 90 pL of buffer (100 mM phosphate buffer, 0.1 mM
PLP, 2 M glycine, pH=7.0) and 2 pL of a 10.16 mg/mL enzyme solution in phosphate
buffer (100 mM, 1 mM PLP, pH=7.0, 0.2 mg/mL final protein concentration). The mixture
was incubated at 40 °C and 1100 rpm on an Eppendorf Thermomixer. After 1.5 hours,
the reaction was quenched with 200 pL ACN/MeOH (1:1), surred for 5 min at 1100 rpm
and centrifuged at 21,130 x g for 3 min. The clear supernai~~t v as analyzed using an
UPLC monitoring method (see supplementary information)

The reaction with trifluoroacetone 13 was monitored vsi.na 1.C/CAD/MS (see
supplementary information).

2.7. Preparative synthesis of the Cbz deriv7.dred B-hydroxy a-amino acids

To a 15-50 mL conical centrifuge tube ‘.3 added 1.5-15 mL of the reaction buffer (100
mM phosphate buffer, 0.1 mM PLP, ? M glycine, pH=7.0) and 166-1570 uL of the
aldehyde 1 M solution in DMSO (C 166-1.570 mmol, final concentration 100 mM). The
solution was vortexed at RT. In the ca=e that the aldehyde precipitated out of solution,
another equivalent volume (1.5-1% riL) of the reaction buffer was added and the solution
was once more vortexed at Ry and/or dissolved with ultrasound (final aldehyde
concentration 50 mM). L-TA *7as then added (16-320 L of a 10.16 mg/mL stock solution
in phosphate buffer (100 miw, 1 .nM PLP, pH=7.0, to 0.2 mg/mL final concentration)). The
reaction mixture was inc''h.ted at 40 °C, 750 rpm in a Eppendorf Thermomixer. After 0.5-
17 hours, a conversior in r ange of 32 % to higher than 90 % was reached. The reaction
mixture was quenchec by the addition of one reaction volume of ethyl acetate under
vigorous stirring over Z-5 minutes. The aqueous layer was concentrated on a rotary
evaporator (40 °C, 10 mbar), filtered and directly injected on the reverse-phase column
of preparative HPLC.

Each fraction was monitored using an UPLC monitoring method. Fractions containing
pure product were collected and lyophilized.

To 1-3 mL of a saturated NaHCO3z aqueous solution in a glass vial equipped with a
magnetic stirrer was added 20-288 mg of the a-amino, 3-hydroxy-building block and THF
1-3 mL. The reaction mixture was stirred at RT and 1 equiv. of Cbz-Cl was added
dropwise and continued with stirring at room temperature during next 0.5-2 hours. After
this period, a conversion higher than 90 % was observed.



The crude sample was filtered and purified with the corresponding HPLC preparative
method.

For both steps, each fraction was monitored using an UPLC monitoring method.

The overall yield after two steps was 6-37 %

3. Results and Discussion
3.1. Biocatalyst identification

When looking for a potential biocatalyst to access our target compound, we considered,
among other enzymatic approaches, an aldolase to perform."=2 C-C bond formation. This
strategy would greatly improve process efficiency by generzug two chiral centers in one
step. Furthermore, this was a particularly appealing apprc~ct. since an aldolase would
utilize two achiral precursors; the corresponding aldehyc e ai d glycine. In addition, glycine
is an inexpensive commodity chemical, which makes this approach cost-attractive.

Our search for an enzyme catalyzing the aldol re~ction initiated with the screening of
commercially available aldolase kit (threonine aldiase kit, Almac). However, none of the
commercial enzymes showed activity towards our target compound (1a). Disappointed
by this finding, we looked to the literature an.' searched for structurally similar compounds
prepared by known aldolases, microbi7 stains or other biocatalysts. This revealed three
aldolase substrate compounds below anu their corresponding biocatalytic agents (Figure
2). Compound 2a and 3a were prepcred by Vanrija humicola AKU45861%2° and product
4a by L-TA from E. coli and serine hy Jroxylmethyltransferase, respectively. 2122
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Figure 2: Structurally similar compounds to target building block 1a identified from literature search

Encouraged by these findings, we proceeded to test the biocatalysts against target
compound 1l1la and the relevant Iliterature substrate as positive control.
Testing of serine hydroxymethyltransferase from pig liver was carried out in the form of a
liver homogenate. In the case of a positive hit, a recombinant form would be prepared
since three gene sequences were available. Unfortunately, no activity was observed
towards formation of product 1a and this approach was discontinued.



The gene encoding L-threonine aldolase (L-TA) from E. coli was DNA synthesized and
cloned into an inducible expression vector for protein expression from E. coli BL21 (DES3).
Clear bands with the expected size of L-TA (~45 kDa) were observed in the soluble
protein fraction (see supplementary information). Unfortunately, we have not obtained
any clear indication based on the activity data that this approach would be successful and
so terminated any further effort at this point.

After we exhausted the two options immediately available to us we purchased the yeast
strain of Vanrija humicola AKU4586 from ATCC (referenced as ATCC 20265,2%). Upon
receipt of the strain it was cultivated according to a patent publication wherein L-threonine
was added to the minimal medium as the sole carbon source.?* An activity assay with
whole cells was performed, however, no formation of 1a we < detected, nor was activity
against its natural substrate, 2a, observed. In parallel, we rrepared cell-free extract to
test if the absence of activity could be due to poor transyart of either the aldehyde or
glycine into the yeast cells. This appeared to be the case since cell-free extract gave
clear conversion to the target product as evidenced k'’ L_/MS.

In order to achieve higher production of enzyme anc subsequently increased yield to
target product 1a, and to make this approach scaleule, it became clear that recombinantly
expressed L-TA would be required. Sinci: a0 DNA or protein sequence of the
corresponding L-TA from Vanrija humicol: has been published to date, we initiated
identification of the the L-TA gene from its Jenome sequence.

3.2. In-silico mining for L-TA

Since we knew that the aldola e of interest was present in Cryptococcus humicola we
searched in the genome of Y‘anr,a humicola ATCC 20265; the final taxonomic name of
this organism that had unde.101e two Genus level reclassifications. This genome entry
was found as an unanno.ted draft quality genome. We were then challenged with
identifying the coding ex01s in an unannotated genome with uncharacterized intron
boundaries. By using p.9tein sequences for aldolases which have a PLP binding domain,
we used the Exonera:: program to identify the genomic regions where the translated
genomic regions match well and which have expected intron donor and acceptor sites.

The search of the Vanrija humicola genome using the 41 aldolase sequences only found
two genomic regions with high scoring alignments of putative coding regions. We
reassembled the genomic reads into a higher quality genome using MIRAY and
annotated the ORFs with the gene caller Exonorate'®. Next we applied BLASTx to each
ORF using the threonine aldolase from Cryptococcus neoformans var. neoformans
JEC21 as the query (see supplementary information). Two potential ORFs for the
threonine aldolase were identified within these data with high sequence identity to
threonine aldolases from phylogenetically related organisms (see supplementary
information). Inspection of these ORFs revealed four possible start codons for one
example (L-TA 2.1 through L-TA 2.4 are derived from the same gene with different
possible start codons) and a singular likely start codon for the second example (L-TA _1).



Each of these potential full length ORFs was codon optimized for E. coli BL21 using
JCat!®, which returned an optimized gene with a codon adaptability index of 1.0 in all
cases, and ordered the genes as synthetic DNA cloned into pET28a using the Ncol and
Xhol restriction sites. This approach provided Lacl mediated induction of the cloned gene.

3.3. Expression and activity assays of identified enzyme variants

After receiving the 5 plasmids, the transformation with E. coli BL21 (DE3) strain was
carried out and initial enzyme expression tested, initially in its native non-tagged version.
Most of the constructs were expressed in a soluble form with the expected protein size
based on SDS-PAGE (see supporting information). Regarc!<:ss of expression quantity,
all five enzyme variants were submitted to activity assays i". *he form of crude lysate. To
our delight, all five of them showed activity at various levels Tr.e most active variant was
L-TA 1 whose DNA sequence was predicted with high 2st ) robability based on BLASTX
results. The enzymes from expression of the seconc 1ene with various length at the N-
terminus, were generally less active (approximateh o .= ird of activity, data not shown).
No dramatic difference in activity was observed in re.~uon to various length of N-terminal.

To characterize the L-TA_1 enzyme better a1'd (c probe its substrate scope beyond the
target compound (product 1a), protein purif:~atiun was necessary to assist with accurate
analytical detection and also to facilitat: et icient recovery of the product.

3.4. Purification of L-TA 1

In order to simplify purification ©f 1.2 enzyme, the gene with His-tag on either its N- or C-
terminus was recloned. Initic: expression trials of both tagged enzyme variants indicated
good expression of soluble cro.ein. Interestingly, the C-terminal His-tagged variant (C-
His L-TA_1) gave slighth r.2"ier conversion compared to its untagged version and also
higher activity in comna-iso 1to its N-terminal His-tag counterpart (1). Both tagged variants
were cultivated on larg.* scale (1 L culture) for protein purification purposes.

Since the initial enzyme expression trials showed a good level of soluble expression, no
significant optimization was conducted prior to larger scale enzyme purification, with the
exception of a slight modification of the cultivation medium and we directly proceeded
using the initial parameters (see supplementary information). Protein purification on Ni-
NTA and a subsequent dialysis afforded 72.8 mg of N-His L-TA 1 and 18.5 mg of C-His
L-TA 1 as pure protein. The size of the protein was also confirmed by MS (see
supplementary information). Based on this successful purification outcome, subsequent
purification was outsourced to third party (BLIRT) using their slightly modified protocol
(see supplementary information).

| Biocatalyst | Relative conversion [




L-TA 1 CFE 1

C-His L-TA 1 CFE | 1.10

N-His L-TA 1 CFE | 0.83

[al Conversion after 3 hours, based on the MS Peak
intensity. CFE — cell free extract

Table 1: Conversion to 1a with N- or C-terminal His Tag or no His tag version of CFE containing L-TA_1 after 3
hours.

3.5. Substrate scope of L-TA_1

Having a pure enzyme in hand, we next examined the substrate scope of the enzyme.
Specifically, substrates leading to desirable building blocks ci veflecting, to some extent,
intermediates of interest to a pharmaceutical portfolio. The sec.rch for suitable aldehydes
was conducted based on B-hydroxy a-amino acids or ac:. ac.vative motifs. In this case,
neither a comprehensive or systematic substrate finge~ |.vin*.ng was conducted, however,
we examined opportunities where the aldolase er~vnatic step fit in pharmaceutically
relevant chemical space. The focus was on iden: fyinJ situations that could impact the
overall synthetic strategy and perhaps offer a she.ter “oute to a drug or drug candidate.
The second criteria was to have an aldehyce s'ibstrate with a chromophore for easy
reaction monitoring, unlike in the case of ta*1elr compound 1a, where due to polarity and
absence of a chromophore, analytical mohito.ing proved to be challenging or required
derivatization of an amino group.

Based on these two criteria, approx.mately 30 aldehydes were selected for testing,
including the literature known subst.a ¢ 10 as a positive control. In addition to the set of
aldehydes, two ketones were :hc=en to probe if the aldolase could give access to a-
amino acids with tertiary alrahc!s in B-positions, which are otherwise difficult to obtain
stereoselectively using class.~a. chemical methods, but would open a door to many novel
applications of aldolases

Trifluroacetone 13 'vos 22'ected as one of the ketones due to its high reactivity. Indeed,
in this case, formation of a new product with the expected mass was observed with
LC/CAD/MS as it was not possible to follow the reaction using our standard LC/MS
method. To confirm that the new product formed was indeed the expected aldol product,
an authentic sample of 13a was spiked into the LC sample. This procedure revealed that
the new product observed in LC/CAD/MS was not the anticipated product 13a even
though it had the same mass as the target compound. It would be difficult to prove the
identity of the product from the enzymatic reaction since the conversion was very low and
further investigation was deemed unwarranted.

In summary, this methodology has been shown to be beneficial towards accessing a
range of molecules relevant to our discovery program. There is clearly a dependence on
conversion to the steric and electronic environment of the aldehyde and it is our intention
to further study this system to develop conditions that provide a more robust reaction with



broader substrate scope. For now however, the success generated has clearly
demonstrated the potential that aldolases have for accessing complex, ‘real world’
molecules in a medicinal chemistry setting.

Accepted substrates No conversion
Substrate Conv. @ | Substrate Conv. @ | Substrate
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lBlpased on peak area in UPLC-UV. In < € ~ases peaks were not fully resolved and in these cases
the conversion is prefixed by approxi~-atic» sign ~
* Reaction monitored by LC/CAD/N:.‘3, ke.one could not be detected using this method, only formation

of new product.
N.M. not measured because an. 'vte neak co-elutes with other chromatographic artefacts

Table 2: Substrates tested with .- "A_.. Conversion estimated after 1.5 hours of reaction by UPLC-UV.

It was previously demcnswated by many groups that selectivity for the B-center is usually
very low for threonine-~ependent aldolase, however, this situation can be improved by
enzyme engineering.* In our case, an initial hint of activity in the screening stage, would
be considered as sufficient encouragement to progress, with activity and selectivity being
improved later. For similar reasons, negative data (column Ill) are also reported to provide
an overview and demonstrate where the scope of this aldolase ends with the wild type
enzyme, but which could be perhaps expanded during further evolution programs.

3.6. Scale up and isolation of novel B-hydroxy a-amino acids

Based on the screening data, the reactions with the highest conversion (based on
chromatography) were scaled up for isolation of novel products and determination of the
diastereoselectivity of the enzyme. The well-known downside of this enzymatic reaction



is the necessity to add an excess of glycine to push the reaction towards completion over
short reaction times. This equilibrium driving solution is useful on an analytical scale, but
complicates the work up procedure on preparative scale. This is especially true if a crude
enzyme preparation is used as the isolation of aldol product from reaction mixture is then
even more complex due to the presence of additional components resulting from the
microbial lysate. To make the preparative synthesis cost effective, a cell free extract was
chosen as the biocatalyst formulation in the first instance. We observed a very quick
reaction with phtalimidoacetaldehyde 10, unfortunately the reverse reaction proceeded
rapidly. For this reason, the reaction needed to be closely monitored by LC/MS, to
determine the stop point of the reaction and hence minimizing the reverse reaction, when
using crude lysate. Interestingly, when using purified protein less of the reverse reaction
was observed. Full conversion with purified protein has be." reached in less than 20
minutes with concentration of substrate up to 0.95 g/l (5 m\’) a.*d no reverse reaction was
observed following additional 40 minutes of incubation.

Time points Conversion with C=E: | Conversion with pure L-

with L-TA_1 (%) g TA 1 at 0.2mg/mL (%)
[b]

20min 88 DB 100

40min 82 100

60min 69 100

[ pased on the peak area in 'Jr. C-JV. Due to difficult chromatography

monitoring, conversions are or y r:stimates.

[@ pased on peak area in 'JPL"-UV.

Table 3: Time course of the aldol reactisn . ‘ith pthalimidoacetaldehyde and glycine catalysed with CFE of L-TA_1
and purified L-TA_1

A second complication occ.rring in the reaction using cell-free extract was noticed during
structure confirmation «f th.» aldol product 10a. Despite a high degree of purity according
to chromatography ur.er normal and reverse phase modes, a new product has been
observed during NMR ~.easurement. A mixture of byproduct (10d) and the expected aldol
product (10a) was detected (byproduct is proposed to be diol base on 'H-NMR and
LC/MS analysis, Figure 3). Due to their very similar physico-chemical properties, the
separation of both compounds proved elusive in our hands. The ratio between the target
product and byproduct was determined as 38:62 (byproduct:amino alcohol) by NMR and
40:60 by chiral HPLC (byproduct:amino alcohol).

In the negative control, when using lysate prepared from the E. coli BL21 (DE3) strain
which did not bear any plasmid for L-TA enzyme, no activity toward substrate 10 has
been observed after even prolonged incubation time to 16.5 hours (Table 4). Itis
unclear how the diol was formed, since this unusual byproduct has not been observed



when using purified enzyme and the host background does not seem to contribute to
this observed phenomenon

@]
=0 O CFE of L-TA_1
o g @iﬁﬁ @ifg/,
HoN OH
(0]

10 glycine

Figure 3: Aldol reaction between pthalimidoacetaldehyde and glycine catalysed w CFE of L-TA_1. Identity of by-
product-10d in the reaction mixture is proposed to be diol.

Conditions Conversio (05) @
0.2 mg/mL L- >95
TA 1

10 mg/mLof E. |0
coli BL21 (DE3)
CFE _L

Buffer only 0

@ hased on pe. « area in UPLC-UV
Table 4: Negative control experiment under screer..a conditions (10 mM aldehyde 10, 2 M glycine, 40 °C)

Because of these two reasons re e se reaction and byproduct formation, preparative
reactions were carried out using, our.fied enzyme. Prior to the actual preparative synthesis
starting from aldehyde 9, 10, 11, 16, 18 and 19, reaction conditions (temperature, time,
substrate and enzyme conce *ration) and the work up procedures were optimized.

The final conditions ap} liea were; 30 or 40 °C, 50-100 mM substrate concentration (based
on substrate solubility ..~ reaction buffer), 0.14-0.27 mg/mL purified aldolase concentration
in 100 mM phosphate %uffer (pH=7.0) supplemented with 0.1 mM PLP and 2 M glycine.
The highest conversion was observed in less than one hour in most cases. In the case,
when conversion stalled, additional and an identical portion of enzyme has been added
to boost product formation.

For isolation and purification of the B-hydroxy a-amino acids, initial extraction with ethyl
acetate helped to remove unreacted aldehyde. The crude product, in the agueous layer,
was purified by preparative HPLC with reverse phase and fractions containing the product
were combined and concentrated. The pure product was then derivatized to the CBz-
protected aldol product for easier determination of diastereocisomeric excess values by
either HPLC or NMR, except for 16a, which decomposed during derivatization. The low
isolated yields in some cases were attributed to losses in the work up procedure (6).
Shortly after finalizing our scale up experiments, an elegant method for an easier work up



was published.®® Here a second enzyme, glycine oxidase from Bacillius subtilis, has been
used to degrade the excess of glycine to glyoxylate after the reaction is completed and
thus enabled higher isolated yields of aldol products. This approach will be very
interesting to test in our future application.

In conclusion, threonine aldolases represent an appealing alternative to chemical
synthesis of B-hydroxy a-amino acid chiral building blocks. Modern bioinformatic methods
help to identify genes of novel or putative aldolases, which can be further improved by
enzyme engineering. Thanks to their relatively broad substrate scope, these enzymes
can serve as an ideal starting point for evolution in development of a particular chemical
process and subsequent tailoring to a specific need (enhancement of activity, stability or

enantioselectivity).

Entry | Aldehyde

Product

Conversiun @

1 ‘0..,0
N+
~o

9

%N 0on o
OH
NH,
9a

Reaction
conditions

Isolated
yield

d.r.l’!

87%

Overnight,
40°C,
100mM
substrate,
0.2mg/mL
enzyme

72% (227
mg)

2 DIl
[3114]

6]
e
(0]

10

OHO  Nr.

N—} ‘<

Jr _OH
()

>90 %

2.5 hours,
40°C,
50mM
substrate,
0.14mg/mL
enzyme

8 % (29.5
mg)

2.0@

1
D)
L

84 %

3 hours,
30°C,
50mM
substrate,
0.2mg/mL
enzyme

58 % (97.4
mg)

1.5 1
(31

1.6

16

a
a

o

16a

68 %

1.5 hours,
40°C,
27TmM
substrate,
0.27mg/mL
enzyme

22 % (11.1
mg)

1.0

18

0 [
OH
|
v N 07 oH
o
1
NH»
HO OH
(0]
)
OH
S/ﬁNHZ
fN 0~ ~OH

18a

80%

1 hour,
40°C,
100mM
substrate,
0.2mg/mL
enzyme

66% (288
mg)

190




6 o) N N Na Xy | >70% 1.5 hours, 37% (159 2.1
\\_CO H,N QN 40°C, mg)
\N_~ = 100mM
19 | HO OH substrate,
] 0.2mg/mL
19a enzyme

& Conversion based on peak area in UPLC-UV.

[l Diastereoisomeric ratio determined by H-NMR [, by chiral-HPLC after Cbz derivatization ?, by H-NMR after Cbz derivatization ! or by

UPLC-UV after Cbz derivatization ™

Table 5: Preparative scale aldol reaction catalyzed by purified L-TA_1 and 2 M glycine
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