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ABSTRACT: Biocatalytic oxidations have the potential to address many synthetic chemistry challenges, enabling the selective
synthesis of chiral intermediates such as carbonyl compounds, alcohols, or amines. The use of oxygen-dependent enzymes
can dramatically reduce the environmental footprint of redox transformations at manufacturing scale. Here, as part of the
biocatalytic cascade to an anti-HIV investigational drug islatravir 1, we describe the development of an aerobic oxidation
process delivering (R)-ethynylglyceraldehyde 3-phosphate 3 using an evolved galactose oxidase enzyme. Integrated enzyme
and reaction engineering were critical for achieving a robust, high-yielding oxidation performed at pilot plant scale (>20 kg,
90% yield).

Scheme 1. Biocatalytic cascade to form islatravir 1! from triol 2 with two potential sequences for accessing (R)-ethynylglycer-
aldehyde 3-phosphate 3: oxidation 15t (bottom) and oxidation 2" (top).
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Footnote: Inversion of the phosphorylation and oxidation steps leads to an improved process to (R)-ethynylglyceraldehyde 3-phos-
phate (3), increasing the yield (for 2 to (R)-3) from 67% (bottom pathway) to 90% yield (top pathway). Abbreviations: PanK -
evolved Pantothenate Kinase from E. coli; AcK - evolved Acetate Kinase from Thermotoga maritima; GOase - evolved Galactose
Oxidase from Fusarium graminearum; HRP - Horseradish Peroxidase from Amoracia rusticana; DERA - evolved Deoxyribose-5-
Phosphate Aldolase from Shewanella halifaxensis; PPM - evolved Phosphopentomutase from E. coli; PNP - evolved Purine Nucleo-
side Phosphorylase from E. coli; SP - evolved Sucrose Phosphorylase from Alloscardovia omnicolens; @4 _ Denotes an immobilized
version of an enzyme.
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1. Introduction

Expanding the synthetic chemists’ toolbox to include en-
zyme catalysis offers opportunities for unparalleled selec-
tivity, increased atom economy, and improved safety.? In
vitro biocatalytic aerobic oxidations have potential as direct
and sustainable methods for challenging transformations,
such as selective C-H functionalization and aldehyde syn-
thesis,? yet their industrial practice remains rare.*-22 Natu-
rally occurring oxygen-dependent enzymes seldom display
the catalytic efficiency and robustness required for direct
application in manufacturing processes. Consequently,
their successful implementation at large scale requires pro-
tein engineering in parallel with process development to
meet the demands of a manufacturing route.?3-26

Islatravir (1, EFdA, or MK-8591) is an investigational drug
for the treatment and prophylaxis of HIV that displays a
novel mechanism of action as a nucleoside reverse tran-
scriptase translocation inhibitor.2” Recently, we disclosed a
9-enzyme cascade to prepare this nucleoside as a single ste-
reoisomer, and this approach was demonstrated on gram-
scale with 51% overall yield (Scheme 1, bottom).! The bio-
catalytic sequence from 2-ethynylglycerol (2)%8 proceeds
via sequential oxidation and phosphorylation to give (R)-
ethynylglyceraldehyde 3-phosphate (3), followed by a tan-
dem aldol-glycosylation cascade to furnish islatravir (1).
We aimed to translate this approach into a robust manufac-
turing process capable of providing >100 kg of active phar-
maceutical ingredient (API).2°

Herein, we describe the process development and pilot
plant-scale demonstration of an aerobic oxidation of (S)-
ethynylglycerol 1-phosphate (4) to (R)-ethynylglyceralde-
hyde 3-phosphate (3) using an engineered galactose oxi-
dase (GOase) enzyme. We outline the strategic considera-
tions relating to overall cascade efficiency that led to a
switch in the step order for the oxidation-phosphorylation
sequence (Scheme 1). We made critical advances through
protein engineering, process development, and improve-
ments in oxygen gas-liquid mass transfer, culminating in the
demonstration of a robust, green, and sustainable enzy-
matic aerobic oxidation on multi-kilogram scale.

2. Results and Discussion
2.1 Cascade development considerations

Compared to previously published syntheses of islatravir
(1), a biocatalytic cascade offers dramatically reduced step-
count, improved atom economy, and simplified operations!
(and references therein). However, the development of such
an enzymatic approach presents several challenges with re-
spect to process development.?? Firstly, the lack of isolation
points limits the opportunity for purity upgrades and im-
poses a requirement of high efficiency on each transfor-
mation. In this respect, the exquisite chemo-, regio- and ste-
reoselectivity conferred by biocatalysts is crucial, enabling
efficient conversion of the target intermediate within a
complex reaction mixture. Secondly, having nine different
enzymes involved in the cascade introduces the challenge of
efficient protein management and purge to ensure delivery
2

of high purity drug substance. Finally, a single-stream cas-
cade demands a unified set of conditions for all the steps
such that the components of prior step(s) do not hinder sub-
sequent transformation(s). As a result, process optimiza-
tion and enzyme engineering for the interconnected reac-
tions must proceed concurrently, with data from each step
informing overall process decisions.?52°

Phosphorylation and oxidation of 2-ethynylglycerol (2) to
give (R)-glyceraldehyde 3-phosphate (3) could occur with
the two steps proceeding in either order (Scheme 1, top vs.
bottom sequence)?. Initially, we developed the “oxidation
1s*” approach (Scheme 1, bottom), wherein the C2-stereo-
genic center was established via a desymmetrizing oxida-
tion catalyzed by an evolved galactose oxidase variant
GOasera13ss.! Despite extensive rounds of directed evolu-
tion, high enzyme loading (20 wt%) was required to achieve
full conversion. Additionally, the imperfect enantioprefer-
ence of GOaserd13ss (90:10 er), coupled with deleterious for-
mation of overoxidation byproducts, resulted in a moderate
67% yield of aldehyde 5.

In contrast to the challenging evolution of the GOase en-
zyme, parallel protein engineering efforts focused on the
pantothenate kinase (PanK) enzyme provided rapid im-
provements in enzyme activity for the phosphorylation of
(R)-ethynylglyceraldehyde (5).3° Notably, we also observed
that the PanK enzyme possessed high activity towards triol
2, displaying pro-S enantioselectivity (Scheme 1, top).3°
PanKrassp catalyzed the formation of (S)-2-ethynylglycerol
1-phosphate (4) in quantitative yield and >95:5 er, leading
to a 2—fold reduction in enzyme loading compared to the
phosphorylation of aldehyde (R)-5. This motivated us to re-
evaluate the activity of the GOase variants for the oxidation
of (S)-2-ethynylglycerol 1-phosphate (4). While no product
was detected with the early GOase variants,! GOaserdioss-
GOaserai3ss catalyzed the formation of the desired aldehyde
3, albeit in low yield (<17%) and at high enzyme loading
(Scheme S 1). Evidently, over the course of directed evolu-
tion targeting oxidation of triol 2 to aldehyde (R)-5, the cat-
alytic activity of the evolved GOase enzymes towards phos-
phorylated triol (5)-4 had also increased.

This observation motivated us to re-evaluate the reaction
sequence with inverted phosphorylation and oxidation
steps to further improve the islatravir cascade and overall
process. The “oxidation 24” sequence to aldehyde (R)-3
(Scheme 1, top) offers several strategic advantages for the
large-scale manufacture of islatravir: (i) high selectivity and
yield when setting the C2-stereogenic center using the ki-
nase (>95:5 er) vs. the oxidase-catalyzed desymmetrization
(90:10 er); (if) minimal byproduct formation in the PanK-
catalyzed reaction on triol 23° vs, significant overoxidation
to carboxylic acid and dialdehyde byproducts in the GOase-
catalyzed reaction?; (iii) reduced PanK enzyme loading due
to the higher activity of the kinase towards triol 2 vs. alde-
hyde 5;3° and (iv) simplified directed evolution for the
GOase enzyme focused solely on enzyme activity (for triol
(5)-4 to aldehyde (R)-3) rather than both activity and enan-
tioselectivity (for triol 2 to aldehyde (R)-5). Consequently,
we decided to continue the cascade development focusing
on the “oxidation 2"” approach.
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2.2 Oxygen mass transfer and scalability considerations

At the outset of process development, we recognized that
there would be two key challenges with respect to oxygen
delivery. Firstly, GOase-catalyzed oxidation performance
depends on the efficiency of oxygen mass transfer in the re-
action system.!®1° Specifically, for enzymatic aerobic oxida-
tions, reaction kinetics can be limited by the low solubility
of oxygen in aqueous buffers together with the high Ku for
oxygen of certain enzyme classes (i.e. wild type galactose
oxidase Km >5 mM).1819 Moreover, reactors used in small
molecule manufacturing plants are not typically designed to
ensure efficient oxygen gas-liquid mass transfer. Therefore,
careful consideration of process parameters (e.g., tempera-
ture, pressure) and vessel configuration (e.g. geometry and
mixing hydrodynamics) is required to achieve optimal oxy-
gen delivery (Figure S 22).3132 Secondly, it is critical that ef-
ficient mass transfer can be replicated across scales from
lab to plant settings. Initial studies focused on approximat-
ing the maximum oxygen mass transfer rate we could ex-
pect achieve at manufacturing scale, to allow process devel-
opment studies to be carried out under relevant condi-
tions.3132 The oxygen mass transfer rate is a combination of
two factors: 1) kva, a kinetic constant which describes how
quickly a system reaches its maximum oxygen concentra-
tion, and 2) the thermodynamic driving force, which in-
creases as the maximum theoretical concentration of oxy-
gen in solution increases.31-33 As the thermodynamic driv-
ing force is not scale dependent, our scalability /reproduci-
bility studies focused on the kinetics of mass transfer, which
is impacted by factors that change with scale, such as vessel
dimensions, fill volume, and agitation rate.

We recently established methodology that enables charac-
terization of the kia in reaction vessels across scales,3!
which allowed us to study the impact of kLa on the oxidation
reaction.32 The oxidation enzymes were sufficiently active
such that the kinetics of the biocatalytic oxidation reaction
were dependent on the k.a in the reactor, with faster reac-
tion rates achieved under higher kia conditions. 3132 We rec-
ognized that, while high k.a conditions would ensure opti-
mal oxidation performance, it may not be possible to
achieve high kua in plant scale vessels. Consequently, we
characterized a range of vessels from lab- to plant-scale at
various reaction parameters (e.g., agitation rate, air flow
rate, reactor fill volume) and reactor configurations (e.g., ag-
itator height, impellor size and type, and baffle configura-
tion) to yield a database of kia values that could be
achieved.3! These studies guided our projection of the max-
imum achievable k.a in a small molecule manufacturing fa-
cility and consequently we targeted a kra of 0.02 s-! for pro-
cess development studies. By profiling the kinetics of oxida-
tion reactions performed in different vessels, we estab-
lished that reproducible reaction performance could be
achieved across scales (from 1 g lab-scale to multi-kilogram
pilot plant-scale) provided that the reactions were per-
formed at the same target k.a. These experiments provided
us with confidence that process improvements validated at
lab-scale would directly translate to improved performance
at manufacturing-scale. It should be noted that, while con-
sistent ki.a conditions were required to probe other factors
independently, additional DOE studies ensured an
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understanding of the relationship between kia and other re-
action parameters.

2.3 Enzyme development

With the aim of developing the “oxidation 214" sequence, we
focused on the protein engineering and process goals out-
lined in Scheme 2. Gaining a deep understanding of each
process parameter was critical for delivering a robust, scal-
able process and limiting the formation of byproducts (2, 5
and 6) generated through non-productive enzymatic path-
ways (Scheme 2).

Scheme 2. Oxidation process development goals and the
main byproducts generated via enzymatic pathways.
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The entire islatravir biocatalytic cascade requires nine dif-
ferent enzymes. Seven of the enzymes were engineered var-
iants, recombinantly expressed in E. coli and used as cell-
free lysate powders. Consequently, reduction of the total
protein content in the aqueous reaction stream was a criti-
cal factor for ensuring development of a robust process ca-
pable of delivering high-quality API.34-37 Decreasing the
overall enzyme loading was required to enable an efficient
final API filtration after the aldol-glycosylation step.3438 Re-
duced protein levels also minimizes side reactions cata-
lyzed by host cell proteins, namely phosphate hydrolysis by
endogenous E. coli phosphatases (Scheme 2).3° With >20
wt% GOasera13ss loading required, the highest of all nine en-
zymes, further evolution was needed to improve its cata-
lytic efficiency.
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2.3.1 Galactose oxidase: directed evolution, protein expres-
sion, and optimization of the active site maturation

Galactose oxidase (GOase, E.C. 1.1.3.9), the key biocatalyst
used in our oxidation process, is a mononuclear copper en-
zyme that catalyzes a two-electron redox reaction involving
an alcohol and molecular oxygen to yield an aldehyde and
hydrogen peroxide as the byproduct (Figure 1A and Scheme
S 1).39 In addition to copper, the active site of GOase en-
zZymes possess a unique, post-translationally formed Y272-
C228 thioether cross-link. The covalently modified tyrosine
is required for catalytic activity, functioning as a redox co-
factor through transient formation of a free radical.?® Dur-
ing the catalytic cycle, GOase transitions between the fully
oxidized Cu(I)-Y" state (GOase®) and the fully reduced
Cu(D)-YC state (GOasered). However, GOase can also exist in
a semi-reduced state (GOases™), which is considered cata-
lytically inactive (Figure 1A).3°-42 As a result, an auxiliary re-
dox enzyme (typically peroxidase) is required to generate
and maintain the active oxidation state of GOase by serving
as a single-electron oxidant for GOases™.3° Lastly, for pre-
parative applications, GOase-mediated reactions require a
catalase as a second auxiliary redox enzyme to decompose
the hydrogen peroxide byproduct. Removal of hydrogen
peroxide is important for both preventing enzyme deactiva-
tion and avoiding the potential safety concerns associated
with disposal of peroxide-containing waste streams.

Based on initial screening data (Figure S 44) variant
GOaserd13ss became the new evolutionary backbone for pro-
tein engineering efforts.!#3 Directed evolution focused on a
combination of enzyme activity, thermal stability, and
chemoselectivity to reduce overoxidation to acid 6 (Figure
1B, See Supporting information, Section 3 Directed evolu-
tion). With the PanK-catalyzed phosphorylation setting the
chirality at the C2 stereocenter (Scheme 1), we could now
accelerate evolutionary screening using achiral chromato-
graphic assays to identify more active GOase variants. We
intermittently checked the enantiopurity of aldehyde 3 ob-
tained using the leading evolutionary oxidase variants and
found that it remained constant throughout the rounds of
evolution (>99% ee), which in combination with high yields
(>90%) was indicative of high enantiospecificity in the pre-
ceding PanK-catalyzed phosporylation.3? In parallel to activ-
ity improvements, we evaluated enzyme stability and solu-
ble, heterologous expression in E. coli to ensure robust pro-
tein expression at large scale. As the oxidase activity in-
creased, chemoselectivity towards oxidation of alcohol 4 to
aldehyde 3 vs. overoxidation of aldehyde 3 to acid 6 became
a key focus (Figure 1B, Figure S 48).

In the first round of evolution, we identified two new vari-
ants with two-fold increased activity that contained single
mutations E195R (GOaserdi13.010) and Q326R (GOaserdiz.001 =
GOaserad1488) at the entrance to the active site. GOaserd13.010
was selected for the first multi-kilogram scale demonstra-
tion (see section 2.3.5), while we continued directed evolu-
tion in parallel. Three subsequent protein engineering
rounds provided GOasera17ss With a total of five active mu-
tations, E195R, Q326R, Q406E, L436N and G461A, and four
silent DNA mutations (synonymous DNA codons) and this
variant displayed an overall five-fold improvement in
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activity (Figure 1C/D, see Supporting Information, Directed
evolution section, Figure S 46-Figure S 49). Copper-bound
GOaserd178s maintained high activity even when exposed to
temperatures up to 45 °C (Figure 1B and Figure S 47, 30 °C
for the copper-free pro-peptide), which was critical for
large-scale fermentation and process robustness. Protein
engineering efforts, along with the change in the order of
steps, improved the phosphorylation-oxidation sequence
and delivered (R)-3 in >85% assay yield and >99% ee
(Figure S 48) with minimal formation of the overoxidation
byproduct 6 (<5%).

To minimize the copper and oxidase toxicity to the E. coli
host, the enzyme is expressed in the absence of copper to
produce a metal-free pro-GOase protein.!844 Post-fermenta-
tion cell disruption and downstream processing yields cop-
per-free, crude lysate powders that can be stored, handled,
and shipped in a manner analogous to other raw materials.
At shake-flask scale, the copper-free protein expression
strategy led to the formation of significant amounts of insol-
uble protein (up to 50%, Figure S 49). However, enzyme
powders produced in a fed-batch, fit-for-purpose fermenta-
tion displayed two-fold improvement in activity (Figure S
50). Further optimization of the fermentation and down-
stream processing at the vendor facility led to a two-fold in-
crease in the activity of the GOaserd1788 powders. These ad-
vances, in conjunction with protein engineering, proved
critical for achieving our goal of reducing overall protein
burden as well as minimizing host cell proteins in the cas-
cade reaction streams.

To form the catalytically active oxidase, the pro-GOase pep-
tide must undergo multiple post-translational modifica-
tions: copper incorporation at the active site, followed by
formation of the covalent Y272-C228 thioether bond, and
then generation of the active Cu(II)-Y" radical species (Fig-
ure 1A, GOase®).*4-46 We investigated the conditions under
which the GOase enzyme powder is combined with the cop-
per source to ensure that the active enzyme is generated ef-
ficiently (see Section 2.4.1). Preliminary studies identified
copper(Il) sulfate as an appropriate copper source. Im-
portantly, while higher copper loadings lead to increased
oxidation reaction rates, we found that increasing the cop-
per concentration had a detrimental impact on the aldol-
glycosylation step (Figure S 31-Figure S 32).3* We hypothe-
size that this effect is due to inhibition of the manganese(II)-
dependent phosphopentomutase enzyme, highlighting the
challenge of developing a unified reaction system for nine
different enzymes.3* Spectroscopic (Figure S 2) and prepar-
ative studies (Figure S 5-Figure S 8) confirmed that copper
complexation/thioether bond formation does not require
molecular oxygen when copper(Il) salts are employed
(Figure S 5), consistent with prior reports.*> UV-Vis data in-
dicated that the addition of copper(Il) to the pro-
GOaserai7s  peptide under aerobic aqueous conditions
yielded predominantly the semi-reduced, catalytically inac-
tive GOasese™, highlighting the importance of GOase activa-
tion (Supporting Information, section 1.4.3)3945

2.3.2 Auxiliary enzymes: peroxidase and catalase
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Figure 1A: Simplified catalytic cycle of galactose oxidase, adapted from ref3945. B: Factors used to select GOase variants during en-
zyme evolution (see SI for details). C: Computational model of evolved GOaserd178s structure and active site, highlighting the muta-
tions introduced during the evolution programs towards 2-ethynylglycerol 2 (®, rounds 1-12) and this work (@, rounds 13-16)
based on the crystal structure (PDB ID: 8TX6). D: Active site showing copper atom (@), key copper-binding residues (©: Y465, H496,
H581 and Y272 forming thioether bridge with C228), (S)-2-ethynylglycerol 1-phosphate substrate 4 (@®). E: Evaluation of different
oxidants, oxidation reaction profile with no HRP (), HRP (O) and DyPra3ss (®). F: Comparison of oxidation kinetics for reactions
with different starting pHs. Reaction conversion at 12 hours (@) and 40 hours (O). G: Enzyme activity (as determined by enzyme
activity assay) at different pHs; GOase (O), HRP (i) and catalase (®).
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In addition to formation of GOasese™ upon initial copper in-
corporation, prior literature studies indicate that this inac-
tive state can be generated during the reaction via an off-
cycle le- reductive deactivation pathway from GOase°~.
Consequently, a single-electron oxidant is required to both
activate the initial GOases™ species formed and then con-
tinue to rebound GOases™ to GOase® during the reaction.
Horseradish peroxidase (HRP) and a wide range of single-
electron oxidants can serve as activators for GOase.3°47 The
mechanism by which electron transfer between HRP and
galactose oxidase occurs is not well understood. Interest-
ingly, in a structurally and functionally-related family of gly-
oxal oxidases, the enzymes are activated by Mn(III) glyox-
ylate, which itself is generated by one-electron oxidation of
Mn(II) by a lignin peroxidase.*84° However, to date no me-
diator has been associated with GOase activation by HRP.
Recent work by Forget et al.5? and Kosman et al.,5! as well as
studies on protein modification,5253 suggest that HRP can
directly oxidize solvent-exposed tyrosines or tryptophans,
potentially leading to the formation of the Cu(Il)-Y" active
site radical via electron hopping from the protein sur-
face.5455

During early process development studies, we demon-
strated that a variety of single electron oxidants, including
Mn(III) salts*® and electrochemically regenerated media-
tors,*! can serve as activators for the GOasera10ss catalyzed
oxidation of 2-ethynylglycerol (2). To choose the optimal
activator for the manufacturing scale oxidation of (S)-2-
ethynylglycerol 1-phosphate (4), we rescreened a focused
panel of peroxidases and single-electron oxidants with
GOaseraisss (see Supporting information section 1.4.3).
Horseradish peroxidase and Mn(III) salts gave the highest
conversions to aldehyde 3. Mn(IlI) acetate and HRP, both
commercially available at scale, were further investigated
with GOaserad178s (Figure S 10). While we observed compa-
rable reaction rates with both oxidants when using GOase
enzyme powders in solution, Mn(III) acetate gave variable
reaction performance in conjunction with immobilized oxi-
dase enzymes (data not shown), which we attributed to the
poor solubility of Mn(III) salts in the aqueous buffer. The
use of Mn(III) acetate also led to challenges with subsequent
filtrations in the cascade process, and this combination of
factors ultimately drove our decision to select horseradish
peroxidase for large scale process development (See SI sec-
tion 1.4.3).

Next, we evaluated the impact of peroxidase stoichiometry
on the oxidation reaction (Supporting information Section
1.4.3.5). In the absence of HRP, minimal conversion of 4 to
3 occurred when GOaserai7s was employed (Scheme 1E).
While HRP loadings ranging from 0.06-3 wt% gave compa-
rable initial reaction kinetics, higher peroxidase concentra-
tion reduced the time required to meet the target reaction
conversion (>90%). During process characterization, the
cost of HRP was balanced with the relatively minor reduc-
tion in reaction time afforded by higher HRP loadings and
we selected a target enzyme loading of 0.3 wt% HRP.

Employing reaction monitoring tools, we investigated the
oxidation reaction profile and observed apparent two-
phase kinetics for the oxidation reaction; a fast initial, linear
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burst, followed by a second, linear phase (Figure 1E and Fig-
ure S 13). Based on enzyme activity studies (see section
2.3.3 and 2.4.2), we attributed the slower kinetics in the lat-
ter phase of the reaction to decreasing activity and/or inhi-
bition of HRP and resultant slower rebound of the inactive
GOasesem to the active GOase®. Two subsequent experi-
ments supported this hypothesis. Firstly, sequential dosing
of HRP throughout the reaction (Figure S14, 3 portions at 0,
3 and 17 h) led to shorter reaction times vs. dosing the same
quantity of HRP as a single charge at the start of the reac-
tion. Secondly, heme-dependent recombinant DyPrasss pe-
roxidase from Anabaena sp.>® gave single phase kinetics and
shorter reaction times were observed (Figure 1E and Figure
S 13). While the use of DyP peroxidase is not currently via-
ble for large-scale manufacturing, this study highlights that
the choice of peroxidase/oxidant can profoundly impact ox-
idation kinetics and underlines the need for further under-
standing of the mechanism of GOase activation.*8-5157

Finally, identification of a robust, stable catalase to decom-
pose the hydrogen peroxide side product was required (Fig-
ure 1A). We evaluated bovine and microbial catalases
(Figure S 14). With many commercial enzymes displaying
comparable oxidation reaction kinetics, we chose catalase
from Corynebacterium glutamicum. This bacterial enzyme
displayed excellent stability in solution (data not shown),
high activity across a wide range of enzyme loadings (0.06
to 1.2 wt%, Figure S13) and avoided the use of an animal-
derived biocatalyst in the process.

2.3.3 pH dependence: reaction kinetics and individual en-
zyme activity

With the final manufacturing enzyme variants selected, we
reevaluated the impact of pH on the overall reaction kinet-
ics and the activity of each of the three oxidation enzymes
(see Supporting Information, Figure S 15-Figure S 16). Full
conversion to product occurred across a wide pH range (pH
6.4-7.8) and the pH of the oxidation stream decreases
slightly as the reaction approaches full conversion when the
over-oxidation acid byproduct 6 begins to form. The opti-
mal pH for the oxidation reaction is centered around pH 7
(Figure 1F) and mirrors the pH-activity profile of HRP (Fig-
ure 1G). In contrast, the pH optimum of GOaser41788 appears
slightly shifted (pH 7.0-7.8), and catalase exhibits compara-
ble activity across the entire pH range evaluated (pH 6.0-
8.0). These observations further support the hypothesis
that oxidation reaction kinetics are correlated with peroxi-
dase activity and maintenance of the active GOase enzyme
over the course of the reaction.

2.3.4 Immobilized enzyme process development

With parallel protein engineering and process development
efforts ongoing, we investigated alternative approaches for
minimizing protein burden across the cascade?’ to enable
robust isolation and crystallization of the API.3458 Enzyme
immobilization presents an attractive strategy for protein
removal. We focused on a Hise-tag affinity-based immobili-
zation for both the GOase and PanK enzymes (Figure
3A).12659 Compared to other approaches, it offers several
advantages: (i) selective binding of recombinant Hise-tag
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enzymes on resin; (if) removal of E. coli host cell proteins
during resin washes to help minimize side reactions,
providing stable product streams in the absence of isola-
tions during the cascade,! (iii) generality and fast develop-
ment time as this immobilization platform can be applied to
many different enzymes,®® and (iv) compatibility with aque-
ous reaction conditions. For GOase specifically, immobiliza-
tion in the presence of copper(ll) salts enables active site
maturation (see Section 2.3.1, Figure 3A) and excess un-
bound copper can be removed during the post-immobiliza-
tion washes. Critically, this avoids any detrimental impact
of excess copper on the subsequent aldol-glycosylation step
(see also SI, Section 1.7.2).3* Additionally, separation of the
immobilized GOase enzyme from the reaction stream can
help prevent the formation of byproducts due to over-oxi-
dation during storage or subsequent steps.

Development of a robust metal affinity-based immobiliza-
tion strategy requires consideration of the resin bead mate-
rial and physical properties, the coordinating metal and
binding ligand, and the immobilization conditions.t* We es-
tablished a protocol to immobilize Hiss-tagged GOaserd1z.010
onto Bio-Rad Nuvia IMAC resin, a bioprocess-grade, vinyl-
acrylamide resin functionalized with nitrilotriacetic acid
(NTA) ligands chelated with nickel (Figure 3A). In a practi-
cal sense, immobilization involved rehydration of the en-
zyme powders in a high salt binding buffer containing 15
mM imidazole (to prevent non-specific binding of host-cell
proteins) and copper(ll) sulfate (to generate Cu-charged
GOase), followed by exposure to the resin of interest. After
immobilization was complete, the resin-bound enzyme was
washed repeatedly with binding buffer followed by reaction
buffer (50 mM Bis-Tris, pH 7-8) to remove unbound host
cell proteins, excess copper, and immobilization reagents
and salts. The resultant immobilized copper-charged en-
zyme was directly transferred to the reaction vessel as a
slurry in the reaction buffer. Importantly, upon completion
of the oxidation step, simple filtration enabled facile re-
moval of the immobilized biocatalysts and provided a ro-
bust end of reaction protocol, preventing further over-oxi-
dation of aldehyde 3. Using the outlined immobilization
strategy, oxidation of alcohol 4 delivered aldehyde 3 in
>80% yield in lab-scale experiments. Notably, these experi-
ments represented the first demonstration of a fully contin-
uous aqueous cascade process from triol 2 to deliver high-
quality API, eliminating the requirement for any isolations
or purity upgrades.??

In addition to bioprocess-grade IMAC resin (Bio-Rad Nuvia
IMAC), we evaluated process-scale resins such as methacry-
late polymer-based Purolite Chromalite MIDA and Resin-
dion Relizyme IDA403/S resins, containing iminodiacetic
acid (IDA) chelating ligands that coordinate nickel (Figure
3B). While the IDA divalent ligand-based resins possess a
higher capacity for enzyme binding vs. the trivalent NTA lig-
and resin,?2 GOase immobilized on IDA-resins displayed de-
creased performance in the reaction, necessitating a two-
fold increase in enzyme loading to achieve complete conver-
sion. In addition, the polydispersity of these resins caused
variable filtration rates and we chose to proceed with use of
the Bio-Rad Nuvia IMAC resin for large scale demonstration
of the immobilized process.
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2.3.5 Immobilized enzyme pilot plant-scale demonstrations

The first demonstration of the immobilized process at pilot
plant scale was achieved using GOaserd13.010 at 12 wt% en-
zyme loading immobilized on the Bio-Rad Nuvia IMAC resin
at 50 g enzyme per 1 L resin (see Figure 4, PPB1). Immobi-
lized kinase and oxidase enzymes were both freshly pre-
pared in the pilot plant and then slurry charged to the phos-
phorylation and oxidation batches, respectively. Removal of
the immobilized kinase enzyme from the phosphorylation
stream before the oxidation reaction was not required. Both
immobilized enzymes were filtered off before the aldol-gly-
cosylation step as both 2-fluoroadenine and islatravir are
poorly water-soluble, rendering the final portion of the cas-
cade a slurry-to-slurry reaction. Importantly, removal of the
immobilized oxidase enzyme prevented any over-oxidation
of aldehyde product 3 to acid 6 from occurring during
stream storage. The oxidation step reached the target con-
version (>90%) within 21 h to give aldehyde 3 in 83% yield
(Figure 4). Critically, the aldehyde stream obtained using
immobilized phosphorylation and oxidation enzymes was
successfully carried through the aldol-glycosylation step
and final filtration to deliver API meeting all specifications.

While deployment of immobilization ensured successful
isolation of high-quality API, we recognized several chal-
lenges regarding its transfer to manufacturing scale,
namely: (i) the large volume and high cost of the resin, (ii)
the need for slurry transfers on plant scale and (iii) the re-
quirement for additional operations, vessels, and equip-
ment trains to execute washes and filtrations. We sought to
address these issues prior to further plant scale demonstra-
tions. We achieved a >three-fold reduction in the required
resin volume (Figure S 26) by combining improvements in
GOase activity (GOaserdi7ss vs. GOaserd13o10, Figure S 48-
Figure S 50) with optimization of the enzyme: resin ratio
(from 50 g enzyme powder per L resin to 80 g/L, Figure S
26-Figure S 27). These advances simplified operations and
decreased the cost of goods.

To address the outstanding operational issues, we envis-
aged lyophilization of the immobilized oxidase and kinase
enzymes.?® Using this approach, enzyme immobilization
could be decoupled from the API manufacturing campaign
and the immobilized lyophilized enzyme could be prepared
at an external facility, alleviating the need for additional
equipment (i.e., immobilization vessels and filters) and de-
creasing processing times. Proof-of-concept was achieved
for the use of immobilized, lyophilized GOase enzymes and,
as anticipated, these enzymes could be conveniently han-
dled and charged as a typical solid reagent. Small-scale de-
velopment studies showed that, while the immobilized ly-
ophilized enzyme (2.15 wt% water) displayed slightly re-
duced activity vs. freshly immobilized enzyme, the lyophi-
lized immobilized enzymes retained their activity on stor-
age for several weeks (Figure 3C). Subsequent work estab-
lished that control of the water content of the lyophilized
resin (<2 wt%) and cold storage (-20 °C) are critical for re-
taining maximal catalytic activity. Our immobilization-ly-
ophilization approach was demonstrated in a subsequent
pilot plant campaign (Figure 4, PPB4). This multi-kilo scale
batch utilized immobilized lyophilized enzymes in both the
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Figure 3A: Schematic illustrating the immobilization procedure. B: Nitriloacetic acid (NTA) ligand on Bio-Rad Nuvia IMAC resin and
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Figure 4: Comparison of process conditions and reaction profiles for the pilot plant batches, PPB1 (O), PPB4 (A) and PPB5 (@).

phosphorylation (PanK) and oxidation (GOase) steps. For
the oxidation, two-fold reduced loading of oxidase enzyme
(6.5 wt% GOaserai7s vs. 12 wt% GOaserdiz.010) and >three-
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fold reduced resin volume (576 vs. 165 mL resin/1kg of triol
4) were required, delivering aldehyde 3 in 87% yield.
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Importantly, the plant processing time was reduced com-
pared to PPB1.

Beyond successful demonstration of the immobilized pro-
cess, conducting these two pilot plant batches enabled eval-
uation of the oxygen mass transfer control strategy and re-
producibility of the reaction at scale. While the first pilot
plant batch was conducted at a kia of 0.04 s, the second
pilot plant batch was conducted at a kra of 0.02 s’1, closer to
the value we expected to achieve in manufacturing scale
vessels. Both pilot plant batches reached the target conver-
sion within 40 h and, most importantly, the reaction rate in
the plant closely aligned with the reaction profile observed
in the lab. As shown in Figure 3D, the kilo-scale batch
showed comparable reaction kinetics to gram-scale reac-
tions in the lab, providing further confidence in our kua
characterization methodology and oxygen mass transfer
control strategy.

2.4 Non-immobilized enzyme process considerations

Enzyme immobilization was key to the success of the initial
large-scale demonstrations of the islatravir biocatalytic
manufacturing process. Despite the advances made during
development of the immobilized process, the resin re-
mained a major cost contributor to the manufacturing pro-
cess and immobilization/lyophilization of the enzymes at
an external manufacturing site increased supply chain com-
plexity. Additionally, further understanding of the lyophi-
lization process parameters and factors impacting immobi-
lized lyophilized enzyme stability were required (e.g., water
content).

During immobilized enzyme process development, directed
evolution continued for all the enzymes in the cascade and
this resulted in >two-fold reduction in the overall enzyme
loading (from 40 wt% to 15 wt%, PPB1 vs. PPB5, Table S
1).2° Consequently, we re-evaluated the possibility of using
non-immobilized, lyophilized enzyme powders in both the
phosphorylation and oxidation steps. Decreased enzyme
loading and extensive API isolation studies rendered the fi-
nal islatravir filtration and crystallization feasible for an en-
tirely immobilization-free enzyme cascade.?45¢ We were
able to minimize the phosphatase activity of the crude, ly-
ophilized enzyme powders through protein expression and
fermentation optimization studies.3? Using these enzyme
powders, the aqueous triol 4 and aldehyde 3 streams were
stable for at least two weeks with minimal phosphate cleav-
age observed (<5% assay yield loss). While these advances
addressed several major issues, removal of the immobiliza-
tion step introduced new challenges for the oxidation reac-
tion; () the requirement for an alternative end-of-reaction
control strategy to prevent over-oxidation of 3, and (ii) the
presence of unbound copper in the reaction stream and its
impact on the aldol-glycosylation cascade. Herein, we de-
scribe the development and large-scale demonstration of a
non-immobilized enzyme oxidation process.

2.4.1 Non-immobilized enzyme process development
The development of a non-immobilized enzyme process re-

quired a deep understanding of the pro-GOase peptide
9

maturation to ensure that GOase enzyme activity was max-
imized while the impact of unbound copper on the aldol-gly-
cosylation enzymes was minimized (Figure S 31). For the
immobilized process, the risk of unbound Cu was mitigated
by removal in post-immobilization washes (Figure 3A). Ini-
tial studies showed improved and more reproducible non-
immobilized enzyme reaction performance when the GOase
and Cu(II) sulfate were premixed in water prior to charging
to the oxidation stream vs. charging GOase and Cu(II) salts
separately to the batch. We hypothesized that complexation
of Cu within the GOase active site occurs more efficiently in
the absence of other coordinating species in the aqueous re-
action stream (e.g., other proteins, Bis-Tris buffer, salts). In
addition, we evaluated the possibility of premixing and
charging all three oxidation reaction enzymes (GOase, HRP
and catalase) together as a solution in water with Cu(II) sul-
fate (Figure S 8). Premixing catalase and Cu(II) in solution
was detrimental to the oxidation performance and, conse-
quently, HRP and catalase were charged separately as solids
to the reaction vessel. Detailed studies were conducted on
the premixing step, probing the impact of enzyme concen-
tration, time, temperature, oxygen/inert atmosphere, and
Cu loading on the oxidation reaction performance. While
enzyme concentration, time, and temperature had minimal
impact over a wide operating range, Cu loading significantly
affected the oxidation reaction rate (Figure 5, Figure S 5-
Figure S 7).45

Next, we sought to understand the relative impact of copper
concentration on both the oxidation and aldol-glycosylation
reactions (See Sl section 1.2.2 and 1.4.1). As shown in Figure
5, use of low Cu loadings (20 uM concentration relative to
overall reaction volume) resulted in incomplete conversion
in the oxidation reaction. Increasing the Cu loading (50 uM)
led to an increase in the oxidation rate of reaction, ensuring
that the target oxidation conversion could be reached, and
the stream was successfully taken forward through the al-
dol-glycosylation reaction to deliver quality API. At higher
Culoadings (100 uM) the oxidation reaction kinetics contin-
ued to improve but, at this stage, the elevated unbound Cu
levels began to have a detrimental impact on the aldol-gly-
cosylation reaction (23 h vs. 10 h reaction time). Addition of
EDTA after the oxidation step to sequester excess Cu gave
modest improvements in the aldol-glycosylation reaction
rate but this approach could not be translated into a robust
control strategy (Figure S 31). Consequently, detailed DOE
studies allowed us to determine a Cu(II) sulfate loading
range that balanced the impact of Cu on both parts of the
biocatalytic sequence, ensuring the success of both steps
within an appropriate time frame.

Finally, we developed a reliable control strategy for pre-
venting GOase-mediated overoxidation of aldehyde product
3 to acid byproduct 6 upon reaction completion and stream
storage. In contrast to the immobilized process, removal of
the oxidase enzyme was no longer possible. Instead, upon
reaching the target oxidation conversion, we removed oxy-
gen by sweeping the vessel headspace with an inert gas.
This end-of-reaction control strategy was robust and simple
to implement in the plant.
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2.4.2 Oxygen mass transfer considerations at manufactur-
ing scale

To ensure process portability, we sought to develop a ro-
bust oxidation process that could be successfully imple-
mented in reactors where the maximum achievable k.a
value is lower than 0.02 s1. While we had successfully
demonstrated reproducibility across scales, lab-scale ex-
periments showed that oxidations run at lower k.a (<0.015
s1) carried a risk of incomplete conversion at the extremes
of our operating ranges. Reconfiguring reactors in manufac-
turing plants to achieve higher kia requires significant cap-
ital investment and therefore future studies focused on im-
proving oxygen mass transfer by changing the thermody-
namic driving force (i.e, increasing the maximum concen-
tration of oxygen in solution, see Section 2.2).32 In practical
terms, three different parameters could be leveraged to al-
ter the thermodynamics of oxygen mass transfer: i) oxygen
concentration in the gas feed, ii) pressure, and iii) tempera-
ture.

—— assessing impact of Cu loading across biocatalytic cascade —

Next, we evaluated the performance of the oxidation reac-
tion at elevated pressure. Increasing the pressure from 1
atm to 3.7 atm decreased the reaction time from >60 h to 30
h under low kia conditions (0.013 s, Figure 6). The consid-
erable rate enhancement observed at <4 atm pressure ren-
ders this an attractive option for plant-scale synthesis, as
the process could be readily transferred to a standard man-
ufacturing vessel with minimal capital investment (ie.,
without requiring specialized high-pressure vessels).

Strategies for Improving Oxygen Mass Transfer Rate
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Figure 5: Impact of copper(II) sulfate charge on oxidation re-
action kinetics: 20 pM (A), 50 uM (O) and 100 uM (@), and the
subsequent aldol-glycosylation step.

Firstly, we considered the use of gases with a higher oxygen
concentration than air (21% 0z). Indeed, increasing the gas
oxygen concentration to 40% or 100% resulted in a faster
reaction rate (Figure S 25). While these results supported
our hypothesis, the supply and safety concerns associated
with using enriched or pure oxygen gases in manufacturing
facilities drove efforts to identify an alternative solution.
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Finally, we investigated the impact of reaction temperature
on the process. While oxygen solubility increases at lower
temperatures, k.a typically decreases and the impact of
temperature on the activity of the oxidation enzymes was
unknown. In fact, we observed faster reaction kinetics at 5
°C and reactions run under kia conditions as low at 0.007 s
1 reached full conversion (Figure 6). The substantial im-
provement in reaction performance led us to investigate the
thermal stability of each oxidation enzyme. The activity of
each enzyme was evaluated after pre-incubation of the en-
zyme in buffered solution at different temperatures (Figure
6). While the activity of the GOase and catalase enzymes was
maintained from 0-35 °C, a large reduction in HRP activity
was observed when the enzyme was held in solution at tem-
peratures above 0-5 °C. These stability experiments indicate
that HRP activity contributes to the improved reaction per-
formance at low temperature, which aligns with our previ-
ous studies associating HRP activity with overall reaction
performance (see section 2.3.2).

2.4.3 Non-immobilized enzyme pilot plant-scale demon-
stration

By combining the outlined strategies for improving oxygen
mass transfer rate with our expanded understanding of
GOase maturation and copper loading effects, we were able
to demonstrate the non-immobilized GOase process at pilot
plant scale for the first time (Figure 4, PPB5). Here, the pro-
GOase peptide was combined with the Cu(II) sulfate and
this solution was charged directly to the reaction vessel, re-
ducing the processing time, cost, and waste associated with
the immobilization process. We successfully conducted the
oxidation process under low k.a conditions (0.007 s1) by
employing elevated pressure (2.9 atm) and low tempera-
ture (5 °C) process conditions. The target oxidation conver-
sion was achieved in 19.5 h, providing aldehyde 3 in 90%
yield. Finally, the aqueous stream of 3 containing non-im-
mobilized GOase and PanK enzymes was successfully car-
ried forward into the aldol-glycosylation cascade and final
isolation to deliver high purity islatravir product 1.34

3. Conclusions

To successfully translate enzymatic reactions to scalable, in-
dustrial processes, it is necessary to combine efforts in bio-
catalyst and reaction engineering.2* During our work devel-
oping the enzymatic aerobic oxidation within the islatravir
biocatalytic cascade, we improved the activity and selectiv-
ity of galactose oxidase variants using protein engineering
and enzyme expression optimization. Mechanistic under-
standing of enzyme maturation and catalysis was critical for
advancing reaction development. Parallel process develop-
ment efforts utilized enzyme immobilization as a critical in-
terim strategy for addressing high protein burden, enabling
the first kilo-scale plant demonstrations. We addressed
challenges related to efficient delivery of oxygen at manu-
facturing scale through rigorous characterization of the vol-
umetric mass transfer coefficient (k.a) across scales and
modulation of process parameters that impact the thermo-
dynamics of oxygen mass transfer.31.32 By utilizing elevated
pressure and low temperature, we maximized enzyme effi-
ciency with minimal capital investment required for
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modifications to the manufacturing equipment.1.63-66 Com-
bined protein engineering and process development efforts
obviated the need for enzyme immobilization, further sim-
plifying the execution of the aerobic oxidation on industrial
scale. Under optimized reaction conditions, the final engi-
neered biocatalyst GOaserd178s selectively converts (S)-2-
ethynylglycerol 1-phosphate (4) to aldehyde 3 in 90% yield
and with a low enzyme loading of 3.6 wt%. As the toolbox of
oxygen-dependent biocatalysts continues to expand,® our
studies pave the way for the future development of enzy-
matic aerobic oxidations in chemical manufacturing.

4. Experimental section
4.1 Chemicals

(S)-2-ethynylglycerol 1-phosphate (4) was synthesized as
described previously3® and provided as 50 mM Bis-Tris
buffer solution. Nuvia IMAC resin was purchased from Bio-
Rad. All other chemicals were obtained from commercial
vendors. Peroxidase and catalase enzymes were purchased
from Sigma (USA), Roche Custom Biotech (USA), Toyobo
(JP) or Codexis (USA). All the details of enzyme evolution,
expression in E. coli as well as reaction optimization and an-
alytical assays are described in the ijujki.

4.1 Pilot-scale procedures

Pilot plant batch 1 (PPB1): Synthesis of (R)-2-ethynyl-
glyceraldehyde 3-phosphate (3) using freshly immobilized
GOaserdi13.010

Generation of immobilized GOaserdi13.010 resin slurry:
Binding buffer (72 L, 50 mM sodium phosphate, 500 mM
NaCl, 15 mM imidazole, pH 8.0) was charged to an equipped
with a mechanical stirrer, followed by copper sulfate pen-
tahydrate (40 g, 1 g per 80 g of enzyme lyo powder) in bind-
ing buffer (200 mL). GOaserd13.010 (3.183 kg, 12.0 wt% rela-
tive to 4, fit-for purpose fermentation powder) was charged
and the enzyme and copper (II) mixture was agitated until
the enzymes were fully rehydrated in solution. A slurry of
Bio-Rad Nuvia IMAC resin (127.3 L, 50 vol% in 20% EtOH)
was charged to a filter dryer and the resin was filtered to
remove EtOH. The resin was slurry washed with water (4 x
119.4 L, total water: 477.4 L, 7.5 resin-bed volumes) and
each slurry wash was agitated for at least 15 minutes prior
to filtration. The resin was then slurry washed with binding
buffer (119.4 L, 1.9 bed volumes) for 15 minutes before fil-
tration. The GOaserd13.010 and copper (II) solution was trans-
ferred into the filter dryer containing the washed Nuvia
resin, followed by a flush with binding buffer (20 L). The en-
zyme and resin slurry were agitated in the filter dryer at 20-
25 °C for 3 h. The binding buffer solution was filtered off.
The resin wet cake was slurry-washed with fresh binding
buffer solution (5 x 119.4 L, 15 min agitation each, total
buffer: 597 L, 9.4 resin-bed volumes), followed by washes
with reaction buffer (50 mM Bis-Tris methane buffer pH 8,
5x119.4 L, 15 min agitation each, total 9.4 resin bed vol-
umes). The immobilized enzyme was then resuspended in
50 mM pH 8 Bis-Tris methane buffer (1 x 95.5 L, 1.5 bed
volume) and used in the oxidation reaction.
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Oxidation reaction: (S)-2-ethynylglycerol 1-phosphate (4,
137.1 mol, 350 kg of 7.6 wt% solution) in Bis-Tris methane
buffer3® was charged to a vessel equipped with a jacket, me-
chanical stirrer, temperature probe, dissolved oxygen sen-
sor, pH probe and air subsurface line and the solution was
adjusted to 17 °C. The pH of the reaction mixture was ad-
justed to pH 7.25 through the addition of 5 M KOH (10.2 kg).
Bovine catalase (80 g, 0.3 wt% relative to 4, Sigma C1345)
in water (4 L) and horseradish peroxidase (160 g, 0.6 wt%
relative to 4, Toyobo PEO-301) in water (4 L) were charged
to the batch, followed by flushes with water (34 L). The
slurry of immobilized GOasera13.010 in 50 mM pH 8 Bis-Tris
was transferred from the filter dryer to the vessel and fol-
lowed by a flush with water (33 L). The reaction mixture
was agitated at 17 °C and sparged with air through a sub-
surface line (kia 0.04 s). Upon the reaction completion
(>90% conv., 21 h, see Figure 5), the batch was transferred
to a filter dryer and filtered to remove the immobilized en-
zyme. The resin wet cake was slurry washed (agitated for
30 mins) twice with water (2 x 63.7 L, 2 x 1 bed volume)
and the aqueous solutions were combined to yield a solu-
tion of (R)-2-ethynylglyceraldehyde 3-phosphate (3, 114.2
mol, 83.3% yield, 705.4 kg of a 3.40 wt% solution) that was
used directly in the next step.

Pilot plant batch 4 (PPB4): Synthesis of (R)-2-ethynyl-
glyceraldehyde 3-phosphate (3) using lyophilized immobi-
lized GOaserd178s

Generation of immobilized lyophilized GOaserd17ss: A
slurry of Bio-Rad Nuvia IMAC resin (20 L, 50 vol% in 20%
EtOH) was charged to a filter pot and filtered to remove
EtOH. The wet cake was slurry washed three times with wa-
ter (3 x 2.5 bed volumes, 75 L total), followed by a slurry
wash with immobilization buffer (2.5 bed volumes, 25 L, 50
mM sodium phosphate, 500 mM NaCl, 15 mM imidazole, pH
8.0). To a jacketed vessel equipped with an overhead stirrer
charged with immobilization buffer (11.7 L), copper sulfate
pentahydrate (10 g, 1 g per 80 g of enzyme lyophilized pow-
der) was added. The solution was agitated at 230 rpm at
room temperature for 1 h until copper sulfate was fully dis-
solved and GOasera178s (800 g, 6.5 wt% relative to 4, fit-for
purpose fermentation powder) was charged. The enzyme
solution was agitated at 116 rpm at room temperature for
1.5 h and then transferred to a jacketed immobilization ves-
sel equipped with an overhead stirrer. The washed slurry of
Bio-Rad Nuvia IMAC resin in immobilization buffer (15 L)
was transferred to the and aged at 20 °C and 85 rpm for 18h.
The resin slurry was transferred to a filter pot and delig-
uored, was slurry-washed with immobilization buffer (4 x
2.5 bed volumes, 4 x 25 L, 50 mM pH 8 sodium phosphate,
500 mM NaCl, 15 mM pH 8 imidazole), followed by the
slurry washes with Bis-Tris methane buffer (4 x25 L, 50
mM, pH 8.0, total: 200 L, 10 resin bed volumes). The resin
was resuspended in Bis-Tris methane buffer (3.3 L, 50 mM,
pH 8.0) and transferred into lyophilization trays as a slurry.
The enzyme was lyophilized using the following sequence:
freeze for 12h at - 40 °C shelf temperature, dry at 450 mT,
and a shelf temperature of - 10 °C for 84 h followed by dry-
ing at 450 mT and a shelf temperature of 0 °C for 12 h. Ly-
ophilization yielded 1.692 kg of immobilized lyophilized
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GOaserd178s that was stored at -20 °C, prior its use in the ox-
idation reaction.

Oxidation reaction: (S)-2-ethynylglycerol 1-phosphate so-
lution (4, 106.8 mol, 248 kg of 8.3 wt% solution) in Bis-Tris
methane buffer containing immobilized kinase resin, was
charged to a jacketed vessel with jacket, mechanical stirrer,
temperature probe, dissolved oxygen sensor, pH probe and
air subsurface line and the solution was adjusted to 17 °C.
The pH of the reaction mixture was adjusted to pH 7.25
through the addition of 5 M KOH. Catalase from Corynebac-
terium glutamicum (62 g, 0.3 wt%relative to 4) in water (15
L) and horseradish peroxidase (124 g, 0.6 wt%relative to 4)
in water (15 L) were charged to the batch, followed by im-
mobilized lyophilized GOasera178s resin (2.76 kg, 10.1% wa-
ter, lyophilized resin containing 200g of GOaserd1788 pow-
der, 6.5 wt% relative to 4) and water (135 L). The reaction
mixture was agitated at 17 °C and sparged with air through
a subsurface line (kua 0.02 s1) for 39h. Upon the reaction
completion (>90% conv, 39h, see Figure 5), the batch was
filtered through a filter dryer to remove the immobilized en-
zyme. The resin wet cake was washed twice via displace-
ment washes with water (2 x 30 L) and the aqueous solu-
tions were combined to yield a solution of (R)-2-ethynyl-
glyceraldehyde 3-phosphate (3, 92.6 mol, 86.7% yield,
465.3 kg of a 4.18 wt% solution) that was used directly in
the next step.

Pilot plant batch 5 (PPB5): Synthesis of (R)-2-ethynyl-
glyceraldehyde 3-phosphate (3) using non-immobilized
GOaserd178B

Oxidation reaction: In a jacketed vessel water (62 L), cop-
per (II) sulfate pentahydrate (3.6 g, 14.41 mmol, 0.7 wt%
relative to GOasera1788), and GOaserd17s (518 g, 3.6 wt% rel-
ative to 4, optimized fermentation powder) were pre-incu-
bated with agitation at 17 °C for 7.5h. (S)-2-ethynylglycerol
1-phosphate solution (4, 74.4 mol, 199 kg of 7.2 wt% solu-
tion, 14.4 kg) was charged to a separate jacketed vessel
equipped with mechanical stirrer, temperature probe, dis-
solved oxygen sensor, pH probe and air subsurface line. The
solution was cooled to 5 °C and the pH was adjusted to pH
7.1 with 5 M KOH, followed by addition of catalase from
Corynebacterium glutamicum (43 g, 0.3 wt% relative to 4)
in water (15 L) and horseradish peroxidase (43 g, 0.3 wt%
relative to 4) in water (15 L). The GOaserd178s solution was
transferred to the vessel containing substrate 4, followed by
a flush with water (10 L). The reaction mixture was agitated
at 5 °C and sparged with air through a subsurface line (k.a
0.007 s'1) while maintaining a pressure of 2.9 atm. Upon the
reaction completion (>90% conv, 19.5 h, see Figure 5), pres-
sure was released and air sparging stopped to yield a solu-
tion of (R)-2-ethynylglyceraldehyde 3-phosphate (3, 66.8
mol, 89.9% yield, 318.4 kg of a 4.41 wt% solution) was used
directly in the next step. 'H NMR (500 MHz, D20) 6 5.01 (s,
1H), 3.77 (d,J = 11.7 Hz, 1H), 3.73 (d,J = 11.7 Hz, 1H), 2.92
(s, 1H). 3C NMR (126 MHz, D20) § 90.3, 81.0, 76.0, 73.9,
65.3.
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